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Institute of Electro-Optical Engineering
National Chiao Tung University

ABSTRACT

The development of flexible electronics and displays are crucial for next
generation electronics. Metal-oxide thin-film transistors (TFTs) and organic TFTs
have higher potential than a-Si TFTs because 6fithe following advantages : 1) low-cost;
2) solution fabrication process. on”a large arca.arfay system; 3) low fabrication
temperature (< 200 ‘C); and.4) the-applications are on.a flexible substrate.

In the Chapter 2 ‘of this —dissertation, we proposed a high performance
amorphous In-Ga-Zn-O (a-1GZ0) thin film transistor; with nano-dot doping (NDD).
The nano dot structure cteates many short'channel and ‘high concentration region in
the channel region. Also, the performance of a-IGZO/TET can be controlled by the
dots concentration and the At plasma treatment time.The proposed nano-dot doping
reduces the effective channel length, lowers-down, the energy barrier, and enhances
the effective field-effect mobility 19 “times" larger than that of the control sample
without NDD. The proposed device is promising for the development of low-cost,
lithography-free, and high-performance flexible electronics. In the Chapter 3 and
Chapter 4 of the dissertation, we introduce the two organic photodetectors, including
photodiode and phototransistor. In the Chapter 3, bilayered organic photo diodes with
controllable carrier mobility in the p-type donor are demonstrated. Vertical carrier
mobility of pentacene is demonstrated to be increased while the deposition rate is high.
With C60 as the acceptor material and pentacene deposited at high deposition rate as
donor material, the detection of 80-MHz signals is demonstrated. Using high mobility
pentacene in stead of poly(3-hexylthiophene) (P3HT) to serve as the hole transport
layer effectively improves the hole mobility over 1 orders and hence enlarges the
operation bandwidth. The results enable the development of low-cost large-area
organic image sheets for the detection of high-frequency signals. In the Chapter 4,
we introduce a vertical polymer phototransistor with low operational voltage (-1.5 V).
A blended polymer layer with both acceptor and donor materials was used as a
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channel material in the vertical space-charge-limited transistor (SCLT). Under
illumination, we obtained external quantum efticiency (EQE) as high as 360% at 620
nm. We propose the effects of base-field shielding as a means to explain high EQE.
This proposition has been supported by two-dimensional simulation of the device.
Moreover, we also study the pentacene-based organic thin film transistor (OTFT) as
ammonia sensor in the Chapter 5 of this dissertation. Non-invasive ammonia sensors
are attractive alternatives for the diagnoses of a variety of chronic diseases such as
liver cirrhosis and renal failure. A low cost pentacene-based organic thin film
transistor (OTFT) fabricated by a novel and simple process was demonstrated to be
highly sensitive and specific for ammonia gas. Various measurement parameters that
reflected OTFT device characteristics for ammonia detection were investigated.
Significant variations of the turn-on current, intrinsic mobility, and threshold voltage
(Vi) were observed while subthreshold swing (S.S.) was almost unchanged to the
alteration of ammonia concentration. The OTFT device detected 0.5~5 ppm
concentration ammonia gas at room temperature, which is in the critical range that can
distinguish between healthy person and-patients‘with liver cirrhosis and renal failure.
The sensitivity of the device,was further.enhanced following a simple UV irradiation
treatment to modify the functional=groups on poly(methyl methacrylate) (PMMA)
dielectric layer. Possible interference-for ammeonia detection such as humidity effect
and selectivity among nitrogen, alcohol; carbon dioxide, acetone, methane and
ammonia were also examined. Wesconcluded that the.proposed pentacene-based
OTFT is a promising device\ for the future-application in non-invasive medical
diagnoses. In the Chapter 6 of this dissertation,<an organic vertical transistor is
investigated. In this work, I was cooperating with' Dr. Yu-Chiang Chao, Dr. Chun-Yu
Chen, Shu-Ling Jiang, Chun-Ming Chiang, and Ming-Che Ku. In the Chapter 6, the
operation mechanism of vertical transistor is introduced. The turn-on current, on-off
current ratio, current gain, and operation voltage of P3HT-based vertical transistor is
0.14 mA/cm?, 24310, 10, and 1 V. In order to improve the controllability and solve
the accumulation of polystyrene spheres problems, the nano-imprint technology is
used to replace the polystyrene spheres fabrication process and to from the grid

structure.
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Chapter 1.  Introduction

1.1. Overviews of Metal-Oxide Semiconductor

Thin-film transistors (TFTs) based on metal-oxide semiconductors were
considered a promising candidate for next generation semiconductors [1]. With a high
mobility (> 10 ¢cm?/Vs) and a low subthreshold swing (0.2 V/decade) under low
fabrication process, a-IGZO semiconductors have received considerable attention
because of the applications on liquid-crystal displays, electrophoretic displays, and
organic light-emitting diode displays [2,3]. In addition, the large band gap of the
a-IGZO semiconductor (>3 eV) results in high transparency, insensitivity to natural
light, and transparency in visibl¢'region (A = 400-700.nm) [4,5]. Moreover, the carrier
concentration of a-IGZO film can be-controlled by, modulating oxygen ratio, process
power, and pressure. Radio-frequency sputtering, which .enables deposition of thin
films with high-meltingstémperature<materials ‘over large areas at low substrate
temperatures, is one of the methods @ised to deposit a-IGZO films [6].

Hosono et al. proposed that the chemical species and/or a structure in a thin film
are unstable when thin films are deposited at low temperatures [6][7]. The chemical
species and/or a structure are frozen in the as-deposited thin film, which relaxes to a
more stable state and provides the atoms with more energy to rearrange after thermal
annealing, leading to a desirable change in the electron transport properties [6][7].
Most oxide TFTs, especially a-IGZO TFTs, are fabricated by using physical vapor
deposition (PVD) techniques at room temperature and often require a high
temperature (> 300 ‘C) post-deposition thermal annealing process to obtain

high-performance and high-stability TFTs [8][9].



1.1.1. Fundamental Transport Mechanism of Metal-Oxide Semiconductor

The a-Si:H material composed of covalent bonds of sp’orbital is shown in
Figure 1.1 [10]. The electronic levels and trap states were influenced by the
fluctuation of the bonding angle in the a-Si:H structure [11]. By contrast, conduction
band minimums (CBM) of oxides are composed of spherically extended orbitals of
metals, and their overlaps with neighboring metal orbitals (s orbital) are not
considerably altered by disordered amorphous structures; therefore, electronic levels
of CBM are insensitive to local strained bonds, and electron transport is not
considerably affected (Figure 1.2). Therefore, a-IGZO exhibits high mobility, even in

an amorphous structure [10].
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Figure 1.1 The carrier transport paths in covalent semiconductors.



Figure 1.2 The carrier transport paths in amorphous oxide semiconductors.

Each element in a-IGZO film exhibits various characteristics that affect the
performance of TFTs. A high In concentration is expected to obtain high electron
concentration [11] because the element of In is a large atom that easily loses electrons.
The released electron from In may move to the conduction band when the
composition of a-IGZO lacks oxXygen{12]. Ga*was/chosen because the atomic radius
of Ga is close to In. Hosoroet al-teported that the Ga?*in the a-IGZO film attracts
oxygen tightly because of:the high ionic potentialtesulting.from the small ionic radius
and +3 valence. It suppresses the'electron injection andvinduces the oxygen ions
escaping from the a-IGZO film,providing relatively high stability for the device. [13].
Compared to the carrier concentration-in-the material of a-1ZO (~10*' cm™), a lower
carrier concentration of a-IGZO (~1019 cm'3) was observed [13][14]. However,
incorporation of Ga decreases carrier density and mobility. The largest mobility of 39
cm’/Vs was obtained for Zn-doped In O (a-IZO). However, it is difficult to control
and maintain a low carrier density, which is necessary for efficient TFT operation for
Ga-free or Ga-poor films. Therefore, the incorporation of Ga is crucial to obtain stable
films and TFTs. The element of Zn in the a-IGZO film was reported to affect the
crystallization of thin film. The crystalline structure was reported when the ratio of the
Zn atoms in the a-IGZO film was higher than 65% [12]. The crystalline structure in
a-1GZO film may degrade the electrical characteristic when uniformity is decreased

by the disorder grain boundaries.



1.1.2.Oxygen Vacancy on a-IGZO Films
The oxygen vacancy formation process is closely related to the generation of

charge carriers, according to (1).
0% =20, + Vs + 2¢” (Eq.1)

In (1), O, is lost from the oxide sub-lattice (O}) to create a doubly charged oxygen
vacancy (Vg) and two free electrons. It is assumed that IGZO films attained more
charge carriers because of thermally enhanced or energy-activated oxygen vacancy
formation processes. It was reported that the mobility of a-IGZO films depends on the
carrier concentration because the carrier transport is governed by percolation
conduction over trap states and is enhanced at high carrier concentrations by filling
the trap states [10].

The chemical and oxygen' binding energy of .O;¢ were analyzed by X-ray
photoelectron spectroscopy (XPS)to understand the oxygensvacancy in a-IGZO films.
This analytical method was used to _investigatesthe origin of carriers in IGZO. By
Gaussian fitting, these O;s¢peaks were divided {into three peaks, centered at
approximately 530.5, 531.5, and 532.5 ¢V. The peak with the lower energy value of
530.5 eV represents O ions combined with Zn, Ga, and In ions in the IGZO
compound system. This indicates the stoichiometric ratio between the metal cations
and oxygen anions. The medium binding energy value at 531.5 eV is associated with
O” jons that are in oxygen vacancy regions within the IGZO films. Therefore, the
change in the intensity of this peak may be connected to a variation in the
concentration of oxygen vacancy. The higher binding energy value of 532.5 eV is
related to loosely bonded oxygen on the IGZO surface, including absorbed H,O, COs,
and O,. The peak may be eliminated completely when the film is annealed or slightly

etched by plasma treatment; therefore, it is considered inconsequential [15].



1.1.3. Argon Plasma Treatment on a-IGZO Films

The influence of Ar plasma treatment on a-IGZO thin films was investigated.
The net electron carrier concentration (10°°~10%' ¢m™) of the a-IGZO thin films
considerably increased after exposure to the Ar plasma compared to that (10" cm™)
of the as-deposited thin film. Furthermore, sheet resistivity considerably decreased
after Ar plasma treatment lasting several seconds. Energetic Ar ion bombardment
during plasma treatment induces the preferential sputtering of the relatively light
atoms from the surfaces of II-VI or III-V group semiconductors because of the
physical momentum transfer between the ions in the plasma and the atoms on the
material surface. Therefore, the substantial change in electron concentration after
exposure to the Ar plasma may‘be caused by“the oxygen deficiency on the a-IGZO

film surface [16].

1.2. Overviews of Organic Semiconducting Materials

In recent years, flexible:display has been ong’ of great interest especially in
mobile applications. However, ¢ flexible “substrates cannot sustain under high
temperature fabrication process, the development of low temperature process of
electronics is necessary. Organic semiconducting materials have high potential due to
the following advantages: 1) low-cost; 2) solution fabrication process on a large area
array system; 3) low fabrication temperature (< 200 ‘C); and 4) the applications are
on a flexible substrate.

Recently, organic materials are extensively applied on electronic devices, such as
light emitting diode(LED), thin film transistors(TFT), solar cells, and sensors. Also,
organic chemical products are closely related to our life, such as foods, medicines,
paper, plastics, and fibers. There are two kinds of organic semiconducting materials

such as polymer and small molecular weight materials. We introduce these two kinds
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of organic materials as following.

1.2.1. Polymers

The conventional polymer is extensively used due to their plastic deformability,
mechanical strength, low weight, and usually high resistivity. In 1970, the Japanese
chemist Shirakawa found that it was possible to synthesize polyacetylene (CH)nin a
new way. Shirakawa synthesized trans-polyacetylene by accidentally adding “a
thousand-fold too much catalyst” to the reaction vessel. Shirakawa was stimulated by
this discovery. The corresponding reaction at another temperature gave a
copper-colored film instead, and it appeared to consist of almost pure
cis-polyacetylene. Around the same time chemist‘Alan G. MacDiarmid and physicist
Alan J. Heeger were experimenting-with a metallic-looking film of the inorganic
polymer sulphur nitride, (SN)x. When MacDiarmid heard about Shirakawa's discovery
at a seminar in Tokyo, he invited Shirakawa to. the University of Pennsylvania in
Philadelphia. After Shirakawa.and MacDiarmid modified polyacetylene by oxidation
with iodine vapor, they knew that the. Optical properties changed in the oxidation
process and asked Heeger to have a look at the films. After measured the conductivity
of the iodine-doped trans-polyacetylene, the incredible increase of ten million times
the original conductivity was discovered. In the summer of 1977, Alan Heeger, Alan
MacDiarmid and Hideki Shirakawa, and co-workers, published their discovery in the
article "Syndissertation of electrically conducting organic polymers: Halogen
derivatives of polyacetylene (CH)n" in The Journal of Chemical Society, Chemical
Communications.[17] The discovery was considered a major breakthrough, and Alan
Heeger et al. have been awarded the Nobel Prize in Chemistry in the year 2000 for
showing how plastic can be made to conduct electric current.[18] Since the field has

grown immensely, and also given rise to many new and exciting applications. The
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properties of a polymer are strongly related to the physical arrangement of monomers
along the backbone of the chain. Polymers which contain only one type of monomer
are known as homopolymers, while polymers containing a mixture of monomers are
known as copolymers.

The conducting conjugated polymer consists of a long chain of carbon atoms with
alternating single and double bonds between them, each with one hydrogen atom. The
structure of polyacetylene is shown in Figure 1.3(a) as a typical example.
Polyacetylene is usually prepared in the cis- form which can be converted into the
thermodynamically more stable tans- form by thermal isomerization. Other
semiconducting conjugated polymers shown in Figure 1.3 are commonly used in
organic light-emitting diodes (QLEDs), organic field-effect transistors (FETs), and
organic solar cells. As shown in—Figure 1.3(b), PEDOT:PSS is a water-soluble
transparent conducting pelymer, which enabled the fabrication of all plastic polymer
light-emitting diodes (PIZEDs). PEDOT:PSS can be used as a transparent anode.
Currently, it serves as the"hole transport layer to develop PLEDs for commercial
products. Structures of PPV and PPV-derivatives (MEH-PPV) are shown in Figure
1.3(f) and 1.3(h). The most commonly used PPV is typically deposited by spin
coating a precursor polymer, and then thermal treatment is used to convert the
precursor to PPV. PPV also used as hosts for low gap emitter.[19] PFO is also the
material used in the blue PLEDs as shown in Figure 1.3(g). Following the first blue
PFO-based PLED was developed in 1991 [20], efforts was conducted on developing
commercially viable devices based on these polymer. Polythiophenes and
P3HT-based PLEDs and FETs are widely studied.[21], [22] Due to it relatively low
gap, the polythiophenes are red emitters. However, the relatively poor lifetime of
polythiophene-based PLEDs inhibits their commercialization. On the other hand,

P3HT is a commonly used material in FETs. Under proper treatment, the mobility can
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be increased and the performance of the FETs can be optimized.
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Figure 1.3 Molecular structure of widely used conjugated polymers: (a)
polyacetylene;(b)  poly(3,4-ethylenedioxythiophene) :  poly(styrenesulfonate)
(PEDOT:PSS); (c)poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine)
(TFB);(d)poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4-p

henylenediamine) (PFB); (e)
poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzidine] (polyTPD);
()poly(p-phenylenevinylenes) (PPV); (g) poly[9,9-dioctylfl uorenyl-2,7-diyl] (PFO);
(h)poly-[2-methoxy,(5-2'-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV);
(1)poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT); ()
poly[3-hexylthiophene](P3HT); (k) poly[5,5'-bis(3-alkyl-2-thienyl)-2,2'-bithiophene)
(PQD); (I)poly[(9,9-dioctylfluorene-co-bithiophene] (F8T2); (m)
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poly(9-vinylcarbazole) (PVK).

1.2.2.  Small molecular weight materials

The phenomenon of organic electroluminescence was first discovered by Pope in
1963.[23] However, the development of organic light-emitting diode actually began in
the late 1970s by Tang and his coworkers. Their research led eventually to the
discovery of the first efficient multi-layered organic electroluminescent device.[24]
Since then, tremendous progress has been made in the field of organic
electroluminescence. Among all efforts to improve the performance of organic
light-emitting diode, the continuing discovery of new and improved
electroluminescent materials is the_ most jessential one. Small molecular weight
materials consist of molecules,with several to a few hundred atoms. Small molecular
weight materials were the initial focus of physicists and.engineers who seeking to
understand the optoelectronics properties 0f<organi¢c. materials. Structure of some
small molecular weight matetials are shown=in=Figure 1.4. Figure 1.4(a) shows the
structure of CuPC which is® widely used as an”hole transport layer. However,
depending on the other layer, it may Ainhibit ‘hole injection [25] or enhance it [26].
TPD is another material commonly used as hole transport layer as shown in Figure
1.4(b). But, its relatively low glass transition temperature around 65°C causes a
failure of OLED as TPD recrystallized. The recrystallization may be suppressed by
adding guest molecule such as rubrene. However, it may result in red
electroluminescence from rubrene. Hence, NPB is developed with a structure similar
to TPD but the methylphenyl groups are replaced by naphthylphenyls. The
modification significantly enhances the stability of the OLED due to the increased
glass transition temperature around 95°C.

Alqg3 is the most widely used electron-transport and host emitting material in



OLEDs. 1t is still one of the most robust electron-transport backing layers in OLED,
particularly with the help of the hole blocking layer to trap the hole carriers from
injecting into Alqg3.[27] It is not only commonly used as a green emitter, but also as a
host for lower-gap emitter guest molecules. It has been found by the time-of-flight
technique that the drift mobility of electrons in Alq3 is increased by about two orders

of magnitude (to 10™ cm?/Vs) as the deposition rate decreased from 0.7 to 0.2 nm/s.

(a) (b)
©) - = @
! —
©) - - ®
Pl :“ L/ _ ¢
’re—é'J_\v\—N
_/ _— ;__\ . ¢ _ |
- —.:w—;:/ "
X_u'
(2) f (h)
Avaiavalsva's:
.
0 )
N [ ]
(k) ) 5
& AL
\ 11 )

Figure 1.4 Molecular structure of widely used small molecular weight materials: (a)

copper phthalocyanine (CuPC); (b)
N,N'-Bis(3-methylphenyl)-N,N'-bis-(phenyl)-benzidine (TPD); (c)
N,N-bis(1-naphtalenyl)-N-N’-bis(phenylbenzidine) (a-NPB);
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(d)N,N’-bis(2-naphtalenyl)-N-N’-bis(phenylbenzidine) ( [ -NPB); (e) 4,4'4"
-Tris(N-(1-naphthyl)-N-phenyl-amino)triphenylamine ~ (1T-NATA); (f) 4,4'4"
-Tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine (2T-NATA); (2)
a-sexthiophene (a-6T);(h) Pentacene; (i) Tris(8-hydroxyquinoline) Aluminum
(Alq3T); () (5,6,11,12)-Tetraphenylnaphthacene (Rubrene); (k) 2-(4-Biphenylyl)-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD); )
4-(Dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyr
an (DCJTB).

1.3. Overviews of Organic Sensors

1.3.1.Organic Photodetector

Organic electronics have attracted considerable interest because of their low
fabrication temperature on a variety of low-cost flexible substrates, which enables the
development of organic photonie.- integrated Circuits,, organic sensor arrays, organic
photocouplers, or organic imaging-sheets, The two,main” organic photodetectors used
currently are as follows: (1) organic photodiode (OPD) and«(2) organic phototransistor
(OPT). The mechanism #and the 'characteristics. of these two photodetectors are

discussed in the following paragraphs:.

1.3.1.1.  Organic photodiode

According to the research of organic photodiodes and solar cells, the light is mainly
adsorbed by the organic materials and generates the high binding energy of excitons.
The high binding energy of excitons causes difficulty in dissociating the electrons and
holes. In Figure 1.5, the photodetector is through the dissociation of photogenerated
excitons at the interface between donor-like materials and an acceptor-like material
under reversed bias. The performance of an OPD is determined by the efficiency of

charge generation and charge transport.
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Figure 1.5 The operation mechanism of photo diode.

The quantum efficiency of an OPD can be enhanced by creating a bulk-heterojunction,
and the charge transport property can be improved by using high mobility materials.
Increasing the interfaces of the hele transporting.layes and electron transporting layer
with a blending system (for example, P3HT:PCBM)\was proposed to enhance the
external quantum efficiency (EQE). However, ‘the blending: system may decrease the
frequency response of photodiodes because of the increasing recombination rate. The
bilayered system may be used\to' decrease the recombination rate of electrons and
holes to increase frequency response..Fortest et al. (2000) proposed the highest
operation frequency (~430 MHz) of organic multilayer OPDs by using
ultrahigh-vacuum (1x10"%torr) organic molecular beam deposition to control the
thickness of an individual layer as 0.5 nm, to enable carrier tunneling [28]. The device
structure and the J-V curve are shown in Figure 1.6(a), and the photoresponse is

shown in Figure 1.6(b).
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Figure 1.6 (a) The current density as a function of voltage (J-V), inset of Figure 1.7(a)

is the device structure. (b) The frequency response of device.

When a conventional high vacuum (5x107 to 1x107 Torr) deposition system was used,
a multilayered PD was reported to exhibit a bandwidth from a few kilohertz to a few
megahertz under an operation’ voltage of 1-5 'V, and'démonstrated a small incident
photon to current conversion efficiency IPCE01:0.02% [29]. Morimune et al. used a
bilayered structure to demonstrate, a bandwidth of 70 MHzwunder 7 V operation, with
the peak IPCE at approximately” 7% [30]. High frequency responses were
demonstrated in these studies; howevyer, factors associated with organic materials to
influence frequency response were not discussed. In Chapter 3, we propose an
adjustment of the vertical mobility to influence the frequency response and obtain an

ultrahigh response of 80 MHz.

1.3.1.2.  Organic phototransistor

Compared to OPD, the OPT exhibits a higher photoresponsivity because of the
threshold voltage shift after exposure to light, and it may be used on flexible
substrates and integrated with a circuit.

In organic semiconducting materials of phototransistors, pentacene is one of the most

popular materials because of the high mobility (~1-5 cm?’/Vs) and air stability. The
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field-effect mobility and the threshold voltage varied, and the pentacene-based
phototransistor was exposed to light [31]. This occurred because the photo penetrated
to the interface between the active layer and dielectric, and generated the extra
electron and hole pairs to contribute the photo current. In addition, after exposing to
light for a specific period, the generated electron may induce negative traps and cause
a threshold voltage shift. In previous research [32], threshold voltage largely shifted
when the device was exposed to light with positive gate voltage, and led to the
increased photoresponsivity of the device. The increased photoresponsivity occurred
because the generated electron by exaction may attract through the positive voltage,
and the electron was limited in the channel to form the traps. By contrast, the
generated hole by excitons jmay -extract from.the channel and decrease the
recombination rate. In addition, it-was proposed that'the_ electron trap induced by a
photo has a lengthy life.time; however, it-may recover=quickly by applying the
positive voltage [33]. OPTs have ‘highphotoresponsiyity; however, the frequency
response is considerably slow because the reaction inclades the trap generation, that is,

the capture and release of carriers:

1.3.2. Ammonia Sensors
1.3.2.1. Applications of Ammonia Sensors

Ammonia is a crucial compound. It can be used in several fields, such as chemical
industries, fertilizer factories, refrigeration systems, food processing, fire power plants,
and medical diagnoses. The variation in ammonia concentration is crucial for these
applications. For example, in chemical industries, ammonia concentration is related to
the quality of fertilizers and frozen foods. Additionally, ammonia concentration plays
a vital role in medical diagnoses. Table 1 shows the component of human breath

volatile organic compounds (VOCs) related to a number of diseases. It indicates that
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ammonia is a disease marker for uremia, liver cirrhosis, and renal failure

[34][35][36][37].

Table 1.1 Diseases associated with unusual breath odors.

Breath component as a | Diseases References
disease marker

Acetone Diabetes; Lung cancer [34], [35]
Ammonia Uremia; Chronic liver disease [36], [37]
Butyric acid Liver cirrhosis [37]
Ethanethiol Liver cirrhosis [37]
Hydrogen sulfide Periodontal dis€ase [37]

Table 2 shows the gas concentration with" various healthy conditions [36][38]
[39]. The breath ammonia concentration” of patients is 1-5 ppm for renal failure, and
0.5-1 ppm for liver cirrhosis:

The common method used fordiagnosis”is' an examination of the ammonia
concentration in blood. Recently, developments of a noninvasive diagnostic method
have received considerable attention. The breath of patients can be detected easily and
traced by the gas sensor if a noninvasive, inexpensive, portable, and disposable

diagnostic device is developed.
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Table 1.2 The gas concentration with different healthy conditions

Renal failure Liver cirrhosis  Diabetes References

Ammonia 4.8 ppm 0.5-1 ppm [36], [38]

Acetone 5-300 ppm | [39]

1.3.2.2. Different Types of Ammonia Sensors

(a) Metal-oxide gas sensors

Zn0O[40], iridium oxide [41], molybdenum oxide [42], polyaniline [43][44][45],
polypyrrole [46], Au and MoO3-modified WOs [47][48], and Pt- and SiO2-doped
SnO2 [49] are commonly used materialsfor ammonia gas sensing. When the device is
exposed to analytes, the gas remoyes.some of the adserbed oxygen and modulates the
height of the potential barriets,. thereby changing the conductivity and creating the
sensor signal. However, ammonia sensors-based on metal*6xide must be operated at

high temperature (over 300 -C), and are not useful as noninvasive ammonia sensors.

(b) Catalytic ammonia sensors

The reaction of a catalytic ammonia sensor is based on a metal layer with ammonia
gas. The reaction causes a change in electrode potential and charge carrier
concentration, which can be quantified by using a field-effect device, such as a

capacitor or a transistor [S0][51].

(c) Conducting polymer gas detectors
Conducting polymer ammonia gas detectors used polymers, such as polypyrrole or
polyaniline, to react with ammonia. During this process, ammonia can reversibly

reduce the oxidized form of polymer. Because the reduction in the polymer film
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causes a change in the conductivity of material, it can be used for resistometric or
amperometric ammonia detection [52]. However, the irreversible reaction between
ammonia and the polymer causes the sensitivity of the sensor to decrease when

exposed to ammonia.

(d) Optical gas analyzers

Two optical methods are used for the detection of ammonia. The first method is the
Berthelot reaction, which uses a coloration reaction of ammonia with phenol and
hypochlorite in aqueous solutions [53][54]. The disadvantage of this method is the
slow kinetics of the reaction. The detection limit is approximately 5 pM of ammonia
in water or 90 ppb. The second,method is optical absorption ammonia detection [55].
A spectrum of the light influenced by the gas composition. can be obtained by using a
laser and a spectrograph. Although the method isSensitive-and selective for ammonia
sensing, the equipment is* eéxpensiverand is unsuitable for miniaturized ammonia

SENSors.

1.3.2.3. OTFTs Ammonia Gas Sensors

Research on OTFT sensors began in the late 1980s, after the first OTFTs were
proposed. Such sensors offer the advantages of simple process, low fabrication cost,
remarkable response repeatability [56], and selectivity [57][58]. Because several types
of organic molecules exhibit sensing behavior based on their chemical compositions,
sensibility and selectivity can be pursued by choosing chemically or biologically
functionalized semiconducting polymer active layers for the use of OTFTs in compact
sensing systems or in biochips [56][59][60][61]. In addition, [59] and [62] verified
that the OFET sensor exhibited superior performance than a similar resistor-type

sensor for drift, sensitivity, signal-to-noise ratio, response time, life time, and
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operating temperature. In particular, OTFTs were proposed as multi-parameter sensors
[63]. A fingerprint of each gas can be obtained by measuring the parameters of
field-induced conductivity, threshold voltage, and field-effect mobility. This enables
the transistors to be more selective than conventional chemiresistors. The morphology
of the active layer plays a crucial role in the sensibility of OTFT sensors. The device
response increases when the grain size is reduced [64]. The effect of a channel length
compared to the grain size was also observed. Nanoscale organic transistors were
explored to improve the limit of detection [65].

The active layer of OTFT sensors currently include substituted thiophene
polymers, oligomers, naphthalenes, copper-phthalocyanine, and pentacene. These
devices were exposed to various,analytes, such.assalcohols, ketones, thiols, nitriles,
and ester and ring compounds.'However, research on ammonia sensors with OTFTs is
limited. Our study is the first to demonstrate the pentacene-based OTFTs as ammonia
gas sensors.

Finally, Table 3 shows a comparisen of the ammonia sensors proposed in this study
and those of other studies [66][67][68][69]{70][71][72]. Currently, only optical
sensing systems exhibit a sensitivity 1in parts-per-billion (ppb) or even
parts-per-trillion  (ppt) regime. Electrical ammonia sensors, such as
poly(3-hexylthiophene)(P3HT)-based OTFT, exhibit sensitivity higher than 10 ppm.
Electrical sensors based on catalytic metals exhibit sensitivity of 1 ppm; however, the
sensors must be operated at a temperature higher than 150 °C. Our proposed
pentacene-based OTFT, particularly the UV-treated pentacene-based OTFT, exhibited

sensitivity of 0.5 ppm at room temperature.
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Table 1.3 This table compares the ammonia sensors of this work and of others reports

Low detection Response Temperature
Principle Remarks[ref.]
limit time range
Optical gas sensors
90 ppb ~1 min 37C To detect in water[66]
/Nessler
Optical gas sensors
1 ppt ~5 min N/A Expensive setup[67]
/Coulorometric
Optical gas sensors
1 ppb ~5 min N/A Expensive setup[68]
/Absorption spectroscopy
Catalytic metal
1 ppm ~1 min Up to 600°C  Low selectivity[69]
/ Palladium
Catalytic metal Irreversible reactions
1 ppm ~1 min Up to 150°C
/ Polyaniline [70], [71]
OTFT/P3HT 10 ppm 2~3 min RT Low sensitivity[72]
Our proposed Low cost and high
0.5 ppm ~ 500 sec RT
/ pentacene-based OTFT sensitivity

1.4. Overviews of Organic Transistors

1.4.1. Organic Field-Effect Transistors

The beginning of the electronics was marked by cathode ray tube, vacuum

rectifier, and vacuum-tube triode. The triode, includes a grid between the anode and

the cathode, transformed communication and long-distance telephone come true.

However, the vacuum-tube d the rectifier into an amplifier, and made the radio triode

was fragile, slow, and difficult to miniaturize.

Replacing the triode with a solid-state device offering an alternative to the thermionic

principle is thus a good idea for solving problems of triode. This concept was

successfully demonstrated with Bardeen and Brattain’s point-contact transistor and

Shockley’s bipolar transistor. After material technology research for more than forty
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years, the performance of metal-oxide-semiconductor field-effect transistor
(MOSFET) is optimized. Today, MOSFETs dominated almost every electronic device.
Recently, organic field-effect transistors (OFETs) based on solution-processed
polymeric as well as small molecular semiconductors have obtained impressive
improvements in their performance. Even an all polymer transistor has been reported.
[73] Initially, the interest in organic transistors remained limited due to the poor
performance of these initial devices. Several review papers and books describing the
materials, operating principles, and fabrication processes have been published for
comprehensive understanding. ([74], [75])

Organic field-effect transistors have been developed to realize low-cost,
large-area electronic devices.,OFETs have “beend developed with various device
geometries as depicted in Figure 1.7. The most commonly used device geometry is
bottom gate with top contact because of using‘theérmally grown Si/SiO2 oxide as gate
dielectric. Devices based”on glass substrate are alsg demonstrated for possible

integration with organic light<emitting diodes.

(a) (b) (c)
Bottom Gate Top Gate
Top Contact Bottom Contact

|Source Organic

Sourcef¥\18 Drain

Organic Layer

Organic
(T~ Layer WLTETT

1= Dielectric

Substrate

Substrate Substrate

Figure 1.7 Schematic of the bottom-gate organic field-effect transistors with (a) top
contact or (b) bottom contact structures. (c) Schematic diagram of a (c) top-gate with

bottom contact transistor using a standard TFT device structures.

Carrier mobilities in organic semiconductors are limited by the hopping process
between the molecules in disordered regions of the material. Many research works

have examined the effects of modifying molecular parameters (regioregularity[76],
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molecular weight [77], and side-chain length [78]) and processing conditions (film
thickness [79], doping level [80], thermal annealing [81], and the film-forming
method [82]). Studies of semiconductor/insulator interface phenomena (such as
surface-mediated molecular ordering, surface dipoles, semiconductor alignment using
self-assembled monolayers (SAMs), physical treatment, and photoalignment) are also
receiving attention for enhancing the electrical properties of organic semiconductors.
SAMs are highly ordered, two-dimensional structures that form spontaneously on a
variety of surfaces. Tuning of the interfacial surface can be achieved by varying the
rigidity, length, and terminal functional group of the molecule, which in turn affects
the uniformity, packing, conformation, polarity, and charge density of the surface.
Fluorene copolymers and polythiophenes have‘a relatively rigid backbone with
attached alkyl chains for solubility,~and are able to ecrystallize. Charge transport is
fastest in the conjugation direction as shown in Figure 1.8(a).[83] When chains pack,
the m-orbitals belonging to”different polymer chains are stacked co-facially, and this
partial overlap between m-orbitals «@ssists mter chain’charge transfer. However, in
another direction, the insulating alkyl:ehains-impede charge transport so that mobility
in this direction is the lowest. Such anisotropy has been experimentally verified by
comparing the electrical characteristics of TFTs and diodes. Because of this
pronounced anisotropy, texture and relative orientation of crystallites are expected to

play an crucial role in controlling the electrical properties of these materials.
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Figure 1.8 Molecular and crystallographic structures (orthorhombic unit cell) of

P3HT chains show the enhanced n—n overlap along the b direction. [83]

1.4.2.Organic Vertical Transistors

An explosion of interests” in flexible, ‘eléctronics made from organic
semiconductors gave rise. to extensive .xrescarch: on ‘organic light-emitting diodes
(OLED), organic field-effect tramsistors (OFET), organic chemical sensors, and
organic solar cells. One of the key componentsyof the *flexible electronics is the
organic FET, a horizontal device'with source and dfainselectrodes on the same plane.
Its operating voltage usually over 25"V dueitoe low carrier mobility and long channel
length. The characteristics of organic FETs can be strengthened by increasing the
mobility [83], utilizing a self-assemble monolayer as gate dielectrics [85] and
reducing the channel lengths to the submicron [86]. Horizontal organic FETs with
submicron channel lengths made by electron-beam lithography [87], nanoimprint
lithography [88] and soft contact lamination [89] have been demonstrated. Vertical
organic FETs, whose channel length was determined by the thickness of an insulating
layer between source and drain, have been made by solid-state embossing [90],
excimer laser [91] and photolithography [92]. However, the inherently low mobility

as well as the incompatibility between conventional submicron lithography and
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organic materials create great limitation on the device performance and the fabrication
process for organic FET. The unique advantages of organic materials such as low-cost
and large-area solution process are so far not fully explored for high-performance
FET. Vertical non-field-effect transistors with multilayer structures give another route
to circumvent the limits of both horizontal and vertical field-effect transistors. In
vertical non-field-effect transistors, the channel length can be easily defined by the
total thickness of the organic layers, and the current is modulated by a conductive
layer embedded in the organic materials. Various device operating principles were
proposed with different types of conductive layers such as a thin metal film[93], a
strip-type metal film[94], a mesh gate electrode[95], and a porous conducting polymer
network[96]. The remaining problems-are the Tow ctirrent density, low on/off ratio as
well as the complex fabrication process. One promising/direction is to turn a vacuum
tube triode into a solid-state device with currentdimited by the space-charge-limited
current. Here, the vertical*transistor is called “space-charge-limited transistor.” The
operation mechanism of the . SCLT«an be understood as the quadratic space charge
limited current between the emitter/ and-the-opening modulated by the grid potential.
As in vacuum tube, the potential at the center of the opening is a linear combination
of grid and collector potential kV; + V¢, the factor k depends on the device geometry
and increases with the ratio between the opening diameter and the grid-collector

distance. The SCLC between the emitter and the opening is therefore approximately
Ceu (AV, +V.) /L, where ¢ is the polymer dielectric constant and L is the

emitter-grid distance. If the potential across the opening were uniform, the factor C
would be the standard SCLC value of 9/8. The overall effect of non-uniform potential
in our case can be absorbed into a numerical factor C. Because of the higher electric

field the space between the grid and the collector does not limit the collector current,
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therefore the emitter-opening current given above is actually the output current.

Table 1.4 shows the different types of vertical transistors and classified three
types: (1) vertical organic field-effect transistor, VOFET (Y Yang et al.)[97], (2) hot
carrier transistor, HCT (H. F. Meng ef al.) [98] and metal-base transistor, MBT (L. A.
Hiimmelge) [99] (3) space-charge limited transistor, SCLT (H. F. Meng et al.) [100]
and static induced transistor, SIT (Kudo et al.) [101]. Most of the devices are operated
at low voltage (<5 V) with high output current density ( >10 mA/cm?). For the first
type transistor (VOFET), the transistor can obtain high on/off current ratio due to the
transistor is operated at normally-off mode. However, it is difficult to develop for
large area because it needs to deposit thin charge injection layer (2.5 nm) between
source electrode and organic layer for improving.the gate controllability. Also, the
uniformity of the thin charge’ injection layer s difficult to control. The operation
mechanism of second type transistor (HCT or MBT) is similar to BJT, the output
current have saturation region. However,the carriers hayesto tunnel from base metal
to collector, therefore, the filmithickness of base metal have to be well controlled. For
the third type transistor (SCLT or /SI'L),-it-does not need to deposit ultra-thin base
metal due to the porous base structure. However, the low on/off current ratio and high
leakage current are needed to solve. In the chapter 6, we proposed a new structure of

vertical transistor and successfully solved these two issues.
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Table 1.4 Comparison of different types vertical transistors.

Research group The device structure Merit and shortcoming Ref.
(device)

Y. Yang Al (Drain)e_—-— | v On/offratio: ~ 10° or 10* [97]
(VOFET) VZO&(InjeZ:i?anz:’:;) v Operation voltage =5 V

Al(Gate) ™ bstrate___| | X Thin charge injection layer

VOFET (2.5 nm) is used.
H. F. v On/off ratio: ~ 10%or 10° [98],
Meng(HCT) v’ Operation voltage =5V [99]
I. M. Chan v High current gain
(HCT) X Thin base metal is needed to
LA HCT or MBT enable tunneling.
Hiimmelgen
(MBT)
H. F. Meng o | v Onjoff ratio: < 500 [100],
(SCLT) o | ;ﬁ'uﬁ‘_;ﬁ v’ Operation voltage =4 V [101]
K. Kudo and M. S 2. E E | v High current gain
Nakamura (SIT) XHigh off current limits the
on/off ratio.
SCLET SIT
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Chapter 2.  Effective Mobility Enhancement by Using
Nanometer Dot Doping in amorphous IGZO Thin-Film

Transistors

2.1. Introduction

With a high mobility (>10 cm”* V' s™) and a low threshold voltage (< 5 V) under a
low temperature process, transparent oxide semiconductor thin-film transistors (TOS
TFTs) draw considerable attention due to their applications on flexible displays, level
shifters, drivers, and pixel driving.*.{ circuits for  active-matrix
organic-light-emitting-diodey (AMOLED) displays. [1<3] In addition to display
applications, a-IGZO TFTs are also promising for'the develepment of radio-frequency
identification (RFID) tagsy'smart cards; and other.types offlexible electronics. When
TOS TFTs are developed” forya" low-power high-frequency circuit, high electron
mobility and a low parasitic capacitance are-required. Most TFTs fabricated with
Zn0O, SnO,, In,0s, IGZO or other semiconducting oxide thin films exhibit electron
mobilities smaller than 35 cm?® V' s™'. [4-6] Recent reports on transparent oxide
nanowire transistors (NWTs) have demonstrated high electron mobilities
approximately 70 ~ 4000 cm”® V' s™. [7-9] The quasi-one-dimensional structure of
NWTs may reduce low-angle carrier scattering to produce high electron mobility.”
However, the fabrication process of NWTs has a poor reproducibility and is still not
practical for real applications. Because TOS transistors are transparent, developing
TOS circuits on windows is appealing. Particularly, for modern buildings or trains
with series of windows, TOS RFID circuits on windows can deliver various types of

signals through a low-power transmission system. In this type of application, the
37



dimension of the transparent transistor can be large because an integrated circuit on a
small chip is not necessary. A low cost production method for delivering a high

performance TOS transistor is the critical challenge.

This report proposes a new nanostructure to improve the effective mobility in a-IGZO
TFTs. A large channel dimension of one thousand micron meters defined by a shadow
mask is utilized. The nanostructure is developed using a low-cost, lithography-free
process to produce abundant nanometer-scale dot-like doping in a-IGZO channel. The
new method, called “nano-dot doping” (NDD) increases electron mobility to a level
19 times higher than that of the control. This study demonstrates a lithography-free,
low-cost process utilizing self-organized,polystyrene spheres with a diameter as 200
nm to fabricate a porous gate Structure. Ar plasma.te€atment through the porous gate
performs dot-like doping™on a-IGZO rchannel .tegion An effective field-effect
mobility (~79 cm® V™' s fop-gate self-aligned a-IGZO TFT is realized. The top-gate
(TG) self-aligned structurer also eliminates the overlaps between the gate electrode
and the source/drain contacts,-which are known to_suppress the parasitic capacitance
and increase the response speed. This'paper discusses the influences of dot and doping
concentrations on device performance. The application of NDD treatment on
conventional bottom-gate (BG) a-IGZO TFT is also demonstrated. After NDD
treatment, this study observed a two-fold improvement of electron mobility in a

conventional bottom-gate a-IGZO TFT.

2.2. Experiment
2.2.1.Device Fabrication Process
This study fabricated top gate (TG) structures with nano-dot doping (NDD) and

without NDD (named STD hereafter).
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Figure 2.1 The schematic device structures of (a) STD (standard) and (b) NDD
(nano-dot doping) top gate (TG) a-1IGZO TFTs.

Two device structures called “TG-STD” (top-gate without NDD) and “TG-NDD”

(top-gate with NDD) are depicted"i ) and 2.1(b), respectively. The
gion of TG-NDD device is
can be observed in the

channel region.

Figure 2.2 The SEM image of the cross sectional view of the TG-NDD a-IGZO TFTs

in the channel region.
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The process flow of fabricating TG-NDD is shown in Figure 2.3. Glass substrate
(CORNING Eagle 2000) must keep clean or films may become rough. The rough
surface would cause point discharge between the insulator and metal. The steps of
clean glass substrate are shown as following.

Steps:
(1) De Ion (DI) water current flows for 5 minutes in order to remove the particles.
(2) The substrates should be placed under the in the acetone and ultrasonic resonance
for 5 minutes in order to remove the organic pollution. Then, the substrates have to
put under the DI water current flow for 5 minutes in order to remove the solvent.
(4) The substrates were put in the KG detergent bath with ultrasonic resonance for 5
minutes in order to remove the particles, fingerprint, and ionic.
(5) The substrates were put under the-DI water current flow for 5 minutes in order to

remove the solvent.

(6) Finally, the substrates Would be fried-with dry N2 flow to blow off the water on the

substrates.

30-nm-thick a-IGZO (3-in. circular target: IniGa:Zn = 1:1:1 at %) was deposited by
radio-frequency (RF) sputtering onto a pre-cleaned glass substrate through a shadow
mask to form the active layer at room temperature. During the sputtering, the RF
power and chamber pressure were 100 W and 9 mTorr while Ar flow rate maintains at
30 sccm. The annealing process was then performed at 400 °C in a nitrogen furnace
for 90 min. A 4000 A cross-linkable poly(4-vinyl phenol) (PVP) was spin-coated on
the a-IGZO surface, and then cross-linked at 200° C for 60 min in air to serve as the
gate insulator. The capacitance and the relative dielectric constant of PVP is 13.2
nFem™ and 3.5, respectively. Poly (melamine-co-formaldehyde) methylated (Aldrich,

Mw~511) was utilized as a crosslinking agent for PVP. The surface of PVP was
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turned into hydrophilic by short-time exposure of 50 W O, plasma before submerging
the substrate into 2000 A positively charged polystyrene spheres (Merck, K6-020)
diluted in ethanol solution with 0.2 or 0.8 wt %. The scanning electron microscope
(SEM) images of the PVP with 0.2 or 0.8 wt % PS sphere concentrations are shown in
Figures 2.3(b) and 2.3(c), respectively. By counting the PS spheres on SEM images
in Figures 2.3(b) and 2.3(c), the concentration of dots per area is estimated to be
6.8x10° mm™ for 0.8 wt % PS spheres and is 4.8x10® mm™ for 0.2 wt % PS spheres,

respectively.

The polystyrene spheres were adsorbed on the PVP surface to serve as the shadow
mask. After submerging the substrate“for 3 min«in.a polystyrene sphere solution, the
substrate was then transferred into-a-beaker with beilingfisopropanol solution for 10 s
to avoid the accumulation.of PS spheres. The substrate was.simmediately blown dry to
form two-dimensional columnar arrays’ A1000 A Al wasevaporated as a metal gate
electrode. After removing the polystyrene spheres using an adhesive tape (Scotch,
3M), the PVP at sites without Al coverage wast€émoved after 8§ min 150 W O, plasma

treatment.
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Figure 2.3 (a) The processes flow of the TG-NDD (top-gate with nano-dot doping)
a-IGZO TFT. The SEM images of the PVP substrate adsorbed with (b) 0.2 wt % and (c)
0.8 wt % polystyrene spheres. The diameter of the sphere is 200 nm. By counting the
PS spheres on SEM images in Figures 6.3(b) and 6.3(c), the concentration of dots per

area is estimated to be 6.8x10° mm™ for 0.8 wt % PS spheres and is 4.8x10° mm™ for
0.2 wt % PS spheres, respectively.
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The source/drain region and the bare channel region (without PVP coverage) was then
treated with Ar plasma to increase the conductivity. Finally, a 100-nm-thick layer of
Al used as a source/drain metal was evaporated at room temperature through a
shadow mask. The Ar plasma treatment on the source/drain regions of the a-IGZO
active layer lowered the series resistance between the source/drain metal pads and the
induced channel under the gate region. After Ar treatment, a self-aligned structure was
formed. The channel width is defined by the edge of the a-IGZO pattern. For top-gate
device (TG-STD and TG-NDD), the channel length is defined by the edge of the gate
electrode. Due to the confinement of the a-IGZO pattern, there is no current spreading
outside the channel region. The channel width and length of the top gate devices are
listed in Table 2.1. For TG-STD; the process flow is'similar to that depicted in Figure

2.3 except that the PS sphereiabsorption process is rtemoved.

2.3. Results and Discussions

2.3.1.The Resistivity Variation,of a-IGZO Thin Film after Ar Plasma Treatment
Figure 2.4 shows the resistivity/ofithe a-IGZO thin film as a function of the Ar
plasma exposure time. The resistivity of a-IGZO film is drastically reduced from >10°
Qcm to 3.85 Qcm during the Ar plasma treatment. After that, the resistivity seemed to
become saturated with the plasma exposure time was increased to 300 s. In addition,
the reason why the saturation of carrier density was observed above the treatment
time of 60 s can be tentatively speculated as follows: As a consequence of preferential
sputtering of oxygen, the enrichment of cations including In, Ga, and Zn on the
surface would balances out the preferential sputtering of oxygen, which makes the

steady-state condition (i.e., saturation behavior) achieved.[11]
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Figure 2.4 Resistivity of the a-IGZO thin film as a function of the Ar plasma exposure
time. The resistivity of a-IGZO film is drastically reduced from >10° Qcm to 3.85 Qcm
during the Ar plasma treatment. After that;-theresistivity seemed to become saturated

with the plasma exposure time was increased.to 300 sec.

In order to further verify the reduced'resistivity after the Ar plasma treatment, we
utilized the X-ray photoelectron spectroscopy (XPS) to'analyze the bared a-IGZO thin
film with and without Ar plasma:treatment. From'the Ols XPS spectrum, which is
shown in Figure 2.5, the oxygen vacancies is increased with the plasma treatment
sample and the result is consistent with reference 10. The peak with the lower energy
value of 530.5 eV, represents O” ions combined with Zn, Ga, and In ions, in the
IGZO compound system. The medium binding energy value at 531.5 eV, is associated
with O ions which are in oxygen vacancies regions within the IGZO films. The
higher binding energy value of 532.5 eV, is related to loosely bonded oxygen on the
IGZO surface, including absorbed H,O, COs, or O,. We can observe the area ratio of
Owm 1s peak to Op, 1s peak in IGZO and IGZO with Ar plasma treatment is 25.54% and
34.53%, respectively. Therefore, it is clear that the huge change in the resistivity of

the a-IGZO film is due to the creation of the net electron carriers during the Ar
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plasma treatment. It is believed that the dramatic change of the electron concentration
upon the exposure to the Ar plasma comes from the oxygen deficiency on the a-IGZO
film surface. This result is consistent with a previous report on ZnO film.[11]
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Figure 2.5 (a) and (b) are O,y XPS spectra for IGZO without and with Ar plasma

treatment films, respectively. The peak with the lower energy value of 530.5 eV,

represents O% ions combined with Zn, Ga, and In ions, in the IGZO compound system.
The medium binding energy value at 531.5 eV, is associated with O” ions which are in
oxygen vacancies regions within the IGZO films. The higher binding energy value of
532.5 eV, is related to loosely bonded oxygen on the IGZO surface, including absorbed
H,0, COs;, or O,.
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Also, from the result of Ols (XPS) spectra for a-IGZO thin film (shown in Figure
2.5), the relative concentrations of oxygen vacancies (V,  peak centered at ~531.5 eV)
in IGZO films is increased from 20.18 % to 24.67 % after the Ar plasma treatment.
(the relative concentrations of oxygen vacancies in IGZO films is calculated by the

area integration of Ols (V;) peak to the area integration of each Ols peak).[10]

In previous reports, it has been found that the Ar plasma treated surface exhibits
higher In concentration, lower Ga concentration, and lower Zn concentration than
does the untreated sample.[11] The In-rich surface contributes to the formation of a
region with high electron concentration because the weak bonds between the In ions
and oxygen are more likely to) generate carmers/than the Ga-O bonds or Zn-O
bonds.[12] The variation in the cation-composition (In,\Ga, and Zn), however, was not
the only reason to cause.the dramatic decrease’ of the resistivity after Ar plasma
treatment. The increase of oxygen 'deficiency after the Ar ion bombardment was a

critical factor in causing the drastic resistivity change [11]

2.3.2.The Influence of Ar Plasma Treatment Time on a-IGZO TFT

The transfer characteristics of TG-STD devices with different Ar plasma treatment
durations are compared in Figure 2.6. In Figure 2.6, device channel width is 3000 um
and the channel length is 1000 um. In this top-gate device, the Ar plasma treatment
produces the source and drain regions with high electron concentration. Without the
Ar plasma treatment, the offset regions between the gate-induced-channel and the
source/drain electrodes are highly resistive. As a result, no turn-on characteristics can
be observed. After a suitable Ar plasma treatment (for example, the 3-min treatment
depicted in Figure 2.6), the conductivity in the offset regions becomes high enough to

serve as the source and drain regions. The transistor exhibits normal transfer
46



characteristics.
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Figure 2.6 The transfer characteristies of TG-STD devices with different Ar plasma

treatment time on source/dtain electrodes. The device channel width is 3000 um and the

channel length is 1000 uni:

When the Ar plasma treatment time increases to 5.4hins, the leakage current is raised
because the sidewall of the PVP layeris damaged by the Ar ions. When the Ar plasma
treatment time increases to 10 mins, the thin IGZO film is damaged due to the etching
effect caused by the Ar ion bombardment. No turn on characteristics can be observed.

The transfer characteristics of TG-NDD (PS 0.8 wt %) device with different Ar
plasma treatment durations are shown in Figure 2.7. Device channel width is 3000
um and the channel length is 1000 um. In addition to forming the conductive source
and drain regions, Ar plasma treatment in TG-NDD devices also produces a

nanometer-scale dot-like doping in IGZO front channel surfaces.
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Figure 2.7 The transfer characteristics-of~FG-NDD devices with high density dots
(0.8 wt % PS spheres) with different Ar plasmastreatment time. The device channel
width is 3000 um and the channel length 1s 1000 pm.

When the Ar plasma time 1§ 3 min, the-device-exhibits superior transfer characteristics.
The on current is higher thanf0:lwmA; the off currént remains lower than 1 nA; the
effective field-effect mobility is 79" em” M''s"'; the subthreshold swing is 1.2 V
decade™; and the threshold voltage is -2.94 V. When the Ar plasma time increases to 5
min, both the source to drain leakage current and the gate leakage current are raised.
Figure 2.8 shows the output characteristics (drain current (/p) as a function of drain
voltage (Vp)) of TG-NDD (PS 0.8 wt %) a-IGZO TFT with channel width and length
as 3000 um and 1000 pm, respectively. The transistor operates in the enhancement

mode. Ip increases linearly with increasing Vp at low Vp, and saturates at higher Vp.
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Figure 2.8 The output characteristics of TG-NDD devices (PS spheres: 0.8 wt %) with
the optimal Ar plasma treatmentgtime (3-mins). The device channel width is 3000 um

and the channel length is 1000 pm.

2.3.3.The Influence of Dots Concentration on-a-1GZO TET

The influences of the nano-dot concentration onithe deviee performance are studied
by fabricating TG-NDD devices, with' different PS sphere densities. The SEM images
of the low-density PS sphere mask (PS-0.2-wt %) and the high-density PS sphere
mask (PS 0.8 wt %) are shown in Figure 2.3(b) and Figure 2.3(c), respectively. The
transfer characteristics and the root square of the drain current plotted as a function of
gate bias of TG-STD, TG-NDD (PS 0.2 wt %), and TG-NDD (PS 0.8 wt %) are
compared in Figure 2.9 when channel width and length are 3000 pm and 1000 um,

respectively.
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Figure 2.9 The transfer characteristics and, the reot square of the drain current plotted
as a function of gate bias for three-devices: <TG-STD,\ TG-NDD (PS 0.2 wt %), and
TG-NDD (PS 0.8 wt %). The device.channel:width is.3000°um and the channel length

1s 1000 pm.

In Table 2.1, we listed the threshold voltage, the maximum field-effect mobility, the

average mobility, the standard deviation of themobility, the subthreshold swing, and

the on/off current ratio for the TG-STD and TG-NDD devices with different W/L

ratios (3, 3.3, and 10).

Table 2.1 Comparisons of typical parameters in TG-STD and TG-NDD a-1GZO TFTs.

Mmax  [2](Mave[b]) olc] S.S.
TG-STD W/L(um/pm) W/L ratio Vu(V) On/Off
(cm?*V'sT (em®V's™) (V/dec)
1000/100 10 3.1 5.53 (4.87) 0.304 0.97 1.7x10°
1000/300 3.33 3.1 5.54(5.3) 0.13 0.39 2.8x10°
3000/1000 3 0.5 4(3.38) 0.24 0.67 1.6x10°
TG-NDD Himax[2] (Have[b]) olc] S.S.
W/L(um/pm) W/L ratio Vu(V) On/Off
(0.8 wt %) (em®V's™ (em®V''s™) (V/dec)
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1000/100 10 -2.29 87.4 (N/A) N/A 0.49 1.06x10°

1000/300 3.33 -2.47 71.7 (N/A) N/A 0.34 1.81x10°
3000/1000 3 -2.94 79.2 (67.5) 6.1 0.92 9.42x10°
TG-NDD umax [8] (Have[D]) olc] S.S.
W/L(pm/pm) W/L ratio Vi(V) On/Off
(0.2 wt %) (em?V''s™) (cm*V''s™) (V/dec)
1000/100 10 -5.91 45.6 (N/A) N/A 0.29 3.5x10°
1000/300 3.33 -4.5 47.5 (43.7) 4.16 0.72 5.6x10°

[a]pmax is the maximum effective field-effect mobility.

[b]pave and [c]o are average effective mobility and standard deviation calculated from 5 independent devices.

The TG-STD devices, the TG-NDD with high density dots (produced with 0.8 wt %
polystyrene spheres), and the TG-NDD with low,density dots (produced with 0.2 wt
% polystyrene spheres) are eompared. pThe . TG-NDD structure obviously increases
the field-effect mobility when we increase the concentration of the doping dots. The
effective field-effect mobility (71.7 to 874 cm® V™' s!) can be obtained for TG-NDD
with high density dots andswith a W/L ratio ranged from3 to 10. The reproducibility
is represented by the standardsdeviation of the.mobility as listed in Table 2.1. To
improve the reproducibility and the uniformity, an ordered dot-like structure is
required. Nano imprint may be utilized to produce the ordered nano-scale dot-like
structure in future works. The improvement of mobility by NDD is observed for
devices with various channel widths and lengths. Also, changing the W/L ratio doesn’t
significantly influence the mobility. The reported mobility overestimation due to the
current spreading is not observed.[13] The device pattern used in our study is shown
in Figure 2.10(a). The device pattern reported in reference 13 is shown in Figure
2.10 (b). In Figure 2.10 (b), the active region (ZnO layer) is undefined. As a result,
current spreading at the edges of the source and the drain electrodes cause an
overestimation of the mobility. In our work, the channel width is defined by the IGZO
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pattern, not by the source/drain electrodes. A well confined active region avoids

current spreading outside the channel region.

(a) TG-NDD (b) APL, 94, 183503
Gate -
Zn0O !
Al v"[’o
Source Drain l
—
100u
Heavily doped a-IGZO is l =
served as S/D electrodes Undefined active region

Figure 2.10 (a)The top view of device structure in the work and (b) top view of the

device structure in reference 13.
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Figure 2.11 Effective field-effect electron mobility of this work and of other reports
from 2006 to 2010.
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In Figure 2.11, we compare the reported mobility of a-IGZO TFTs from 2006 to 2010.
When most reported field-effect mobilities of a-IGZO TFTs are lower than 35 cm® V!
s7,[4-6] three previous studies have reported high mobility a-IGZO TFTs. The typical
parameters of the high mobility a-IGZO TFTs in these previous reports are also listed
in Table 2.1. Kim ef al. proposed that the metal-oxide TFT with ITO/IGZO double
active layer exhibits a high mobility of 104 cm® V' s7.[14] Lee et al. utilized a
multilayer gate insulator to realize an effective field-effect mobility of 100 cm*/Vs.[3]
In these reports, the photolithography process is required to realize a channel length
smaller than 20 um. Chiu et al. proposed a lithography-free long-channel a-IGZO
TFT with a high-k gate dielectric to realize a high mobility of 62 cm* V™' s7.[15] In

our work, an effective mobilityhof 79 cm” Vs’

can be achieved using nano-dot
doping with a 1000 pm .channel-length and a conventional silicon nitride gate
dielectric. It is expected.that the effective field-effect mobility could be further

increased if a high-k dieleettic is used with the NDD structure.

2.3.4. The Plausible Mechanism of Increased Mobility

The drastically enhanced the effective field-effect mobility in NDD structures
may be because of two reasons. Firstly, the effective channel length is reduced due
to the conductive dot regions inside the channel. The effective channel length for
TG-NDD devices can be estimated by calculating the dots concentration[shown in
Figure 2.12]. From these two SEM images in Figure 2.12, we estimated the average
PS spheres in different dots concentration. The average dots of 0.2 wt% and 0.8 wt%
are 1583 and 2500 per 1000 ¢ m, respectively. Then, the effective channel length is
equal to the channel length definition by shadow mask minus the high conductive

region.
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Figure 2.12 The SEM images of different dots concentration.

For TG-NDD devices with high-density dots (with 0.8 wt% PS spheres), the effective

channel length reduces from 1000 pm to 500 um. For TG-NDD devices with

he reduction of the effective channel

length is not sufficient to explain the enhanced mobility in TG-NDD devices.

Table 2.2 The intrinsic mobility of a-IGZO with 0.2 and 0.8 wt% nano dot doping.

TG-NDD (0.8 wt%) Liotat (4m) Lin (um) p(em’V's™) pindem’V's™)

1000 500 79.2 39.6
TG-NDD (0.2 wt%) Ligal (tm) Lin(um)  p(em’V's™) pin(em®V's™)
1000 684 47.5 32.5
*L,,~Intrinsic channel length, p,  =intrinsic mobility
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Therefore, we proposed the second reason to explain the enhanced mobility in
the intrinsic channel region for TG-NDD devices is the field-induced barrier lowering
effect. It is known that the electron transport in a-IGZO is governed by the percolation
transport.[16, 17] The random distribution of Ga’" and Zn®*" ions in the network
structure forms potential barriers around the conduction band and then reduces
electron mobility.[ 18] The potential barrier can be significantly reduced when carrier
concentration is increased.[16-18] When high-density conductive dot-like regions are
introduced into the intrinsic a-IGZO film, the potential barrier in the intrinsic a-IGZO
is lowered by the neighboring high conductive regions. Increasing the dot
concentration leads to a more pronounced barrier lowering effect. As a result, when
dot density increases from 4.8x10% mm™ to 6.8%10°4um >, the mobility in the intrinsic
channel increases from 32.5%m” V--571t0 39.6 cm®V 57"

The barrier lowering.effect is well observedin many semiconductor devices. For
example, the Schottky=" barrier © at" .the metal-organic interface exhibits a
Schottky-barrier lowering effeet when increasing the «doping level of the organic
semiconductor.[19] For short-channel -MOSFETs, the built-in potential barrier
between the heavily-doped source and the bulk suffers from the
drain-induced-barrier-lowering effect.[20-22] For poly-Si TFTs, the grain boundary
barrier is also lowered by the drain-to-source electric field.[23] Drain-induced barrier
lowering effect is also observed in short channel ZnO TFT.[24] The high density
dot-like doping in channel region of field-effect transistors was not reported in
previous studies. However, in our work, it is believed that the effective potential
barrier in the intrinsic a-IGZO surrounded by heavily-doped dots is lowered when the
dot density is increased and when the doping level is increased. Since the electron
mobility in a-IGZO is exponentially dependent on the minus of the potential barrier

height[shown in Eq. 1], the reduction of potential barrier leads to a significant
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improvement of the electron mobility. [16, 17]

—efyy (n)/ kgT

u(n)=ue .9, 1s effective potential barrier height (Eq. 1)

Also, The transfer characteristics of TG-NDD devices when we repeating the
measurement for seven times are shown in Figure 2.13. The stability is acceptable.
The performance of the devices, however, gradually degrades after several days when
stored in ambient. Because the dot-like regions with a large amount of oxygen
deficiencies are exposed to the oxygen-rich ambient, the oxygen deficiencies are
gradually decreased and the conductivity is reduced. Passivation is required to solve

this issue and the related process is currently developed.
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10 kAr plasmatime = 3min

< 10-7 —a— 1
Ze 10° D
10° DA
10" D

10'11 N 1 N 1 N 1 PR | N 1 N 1 N 1 N
20 1510 -5 0 5 10 15 20 25
Ve (V)

Figure 2.13 The transfer characteristics of TG-NDD devices when we repeating the

measurement for seven times.

Finally, the NDD process is utilized on the back interface of conventional bottom-gate
(BG) a-IGZO TFTs. The bottom-gate (BG) a-IGZO TFTs with and without NDD are
denoted as BG-NDD and BG-STD, respectively. The schematic diagrams of BG-STD

and BG-NDD a-1GZO TFTs are shown in Figures 2.14(a) and 2.14(b), respectively.
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For bottom-gate devices, process flow is similar to that shown in Figure 2.3(a) except
for two differences. The first difference is that the glass substrate is replaced by a
heavily-doped silicon substrate capped with a 100 nm silicon nitride. The second is
that the top aluminum electrode above the PVP layer is replaced by a
thermal-evaporated SiOx with a thickness of 40 nm. The SiOy is served as a mask and
the PVP without the SiOy coverage is etched by oxygen plasma. The channel width
and length of the bottom gate devices are 1000 um and 100 pum, respectively. The
channel width is defined by the edge of the a-IGZO pattern. For bottom-gate devices
(BG-STD and BG-NDD), the channel length is defined by the edge of the
source/drain electrodes. Four typical parameters, including threshold voltage (Vi),
on/off ratio, field-effect mobility (x),-and subthreshold swing (S.S.), are extracted and
plotted as a function of Ar plasma-treatment time, as 'shown in Figures 2.14(c). For
BG-STD devices, when the Ar plasma time‘increases| from O sec to 180 sec, the
field-effect mobility slightly increases from 10.76:t0 15.6/em”> V' s and the threshold
voltage decreases from 3.7 to -0.42¢V. The subthreshold,swing and the on/off current
ratio are almost unchanged. The decrease-of the'threshold voltage and the increase of
the field-effect mobility after Ar plasma treatment was also reported by Park et al. and
was explained by the improvement of the contact resistance between the source/drain

electrodes and a-1IGZO semiconductor. [11]
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Figure 2.14 The schematic device structures of (a) standard (STD) and (b) nano-dot
doping (NDD) bottom gate (BG) a-IGZO TFTs. (¢) Four typical parameters (threshold
voltage, on/off ratio, mobility, and subthreshold swing) of BG-STD and BG-NDD
devices are extracted and plotted as a function of Ar plasma treatment time. Each data
point was extracted from the transfer characteristics measured at Vp =20 V. The device

channel width is 1000 pum and the channel length is 100 pm.

For BG-NDD devices, when the Ar plasma time increases from 0 sec to 180 s, the
field-effect mobility significantly increases from 10.8 to 32.7 cm® V' s'. The

threshold voltage decreases from 3.1 to -5.9 V. Also, the parameters is summarized
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in Table 2.3. The NDD structure influences the electric field distribution in the front
channel because the a-IGZO film is only 30 nm thick. As a result, the field-effect
mobility is enlarged by NDD treatment due to the reduced effective channel length
together with the barrier-lowering-effect. The shift of the threshold voltage is not
clearly understood. In our previous report, the removal or the injection of electrons
into body region causes a positively-shifted or a negatively-shifted threshold voltage,
respectively.[25] When electron concentration in body region is increased, a more
negative gate bias is required to deplete the channel. In this work, the dot doping
creates localized high electron concentration regions. The three-dimensional potential
distribution in channel region is still not clearly investigated. However, the negatively
shift of threshold voltage is conSistentwith the*phenomenon reported in our previous
work when electrons are injected-into back channel by capping calcium/aluminum

layer onto the back interface of a bottom-gate a-1GZO TFT:{25]

Table 2.3 Typical parameterS of BG-NDD TFTs with-and without nano-dot doping.

BG-STD BG-NDD
Sio, Sio,
Al(D) ST AI(S AP F FAS)
| 620 1 | G20
Si-P* Si-P*
BG-STD BG-STD BG-NDD BG-NDD
(Ar treatment  (Ar treatment  (Ar treatment  (Ar treatment
0 sec) 80 sec) 0 sec) 80 sec)
Vt (V) 3.10 -0.42 3.10 -5.90
p.max(cm?/Vs) 10.76 15.60 10.80 32.70
S.S.(dec./V) 0.2 0.24 0.2 0.3
On/Off ratio 7.30E+07 3.70E+06 7.30E+07 9.40E+06
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2.4. Conclusion

To summarize, this study proposes a top-gate self-aligned a-IGZO TFT with
nano-meter-scale dotted channel doping. With a simple, low-cost, and
lithography-free process, the effective mobility level of TG a-IGZO TFT becomes 19
times higher than that of the control sample and the maximum effective mobility
reaches 79 cm?® V™' s, If the effective intrinsic channel length is used to estimate the
mobility inside the intrinsic a-IGZO region, the maximum intrinsic mobility of TG
a-IGZO TFT reaches 39.6 cm” V"' s and increases 10 times than controls (STD). The
nano dot doping (NDD) structure reduces the effective channel length and lowers the
potential barrier in the intrinsic a-IGZO by the neighboring high conductive regions.
Increasing the dot concentration‘leadsto a more pronounced barrier lowering effect.
According to the percolations conduction model, the decrease of the potential barrier
leads to a significant increase of the field-effectimobility.in a-IGZO semiconductor.
The high mobility and the“self-aligned sttucture of the proposed a-IGZO TFTs with
NDD are promising for the.development of low cost circuit-like RFID tags, smart

cards, and transparent circuits on windows.
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Chapter 3. Increasing Organic Vertical Carrier Mobility
for the Application of High Speed Bilayered Organic

Photodetector

3.1. Introduction

Organic electronics has drawn lots of interest due to their low fabrication
temperature on a variety of low-cost flexible substrates, thereby enabling the
development of organic photonic integrated circuit, organic sensor array, organic
photocouplers, or organic imaging sheets.pFor these applications, high speed organic
photodetectors (PDs) are usually réquired. In organi¢ PDs, photo detection is via the
dissociation of photogenerated excitons at the interface between a donor-like material
and an acceptor-like material. ‘The performance of a PD is determined by the
efficiency of charge generation andCharge-transport. The quantum efficiency of a PD
can be enhanced by creating asbulk heterojunction, while the charge transport property
can be improved by utilizing high “mobility" materials. However, the influence of
carrier mobility on the PD response speed was never been clearly discussed. The
frequency response of organic PDs is also rarely studied. Only a few reports
demonstrated the frequency response of organic PDs.[1-3] The highest operation
frequency (~430 MHz) of organic multilayer PDs was reported by using
ultra-high-vacuum (1x10™° torr) organic molecular-beam deposition (OMBD) to
control the thickness of an individual layer as 0.5 nm to enable carrier tunneling.[1]
When a conventional high-vacuum (5x107 to 1x10° torr) deposition system is used, a
multilayered PD was reported to exhibit a bandwidth from a few kHz to a few MHz

under a operation voltage as 1 to 5 volts and have a small incident photon to current
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conversion efficiency (IPCE) as 0.02% [2]. Another report used a bilayered structure
to demonstrate a bandwidth as 70 MHz under a 7-volts operation while the peak IPCE
is around 7% [3]. In these studies, even high frequency responses are demonstrated,
factors associated with organic materials to influence frequency response are not
discussed. For a bilayered organic PD, response speed may be influenced by the
separation of exciton, the carrier mobility, the multiple trapping and releasing
procedure, the interface trapping, the RC delay due to the PD structure, etc. In this
study, experiments are designed to show that the vertical carrier mobility is the
dominant factor to influences the response speed of bilayered organic PDs. The
influence of microstructure of organic film on the vertical carrier mobility is also
explored. By utilizing commonly,used organic'molecules such as fullerene (C60) and
pentacene, we proposed that the key-to increase the ‘speed of organic PD is to use
materials with high vertical carrier mobility.“Acclear” dependence between vertical
carrier mobility and the fréquency response of organic diodes and of organic PDs is
verified. With C60 as the acceptor material, using high‘mobility pentacene in stead of
poly(3-hexylthiophene) (P3HT) 4o ‘serve-as~the hole transport layer effectively
improves the hole mobility over 1 orders and hence enlarges the operation bandwidth
to be 80 MHz under a 4-volts operation. The influence of deposition rate on the
vertical mobility of pentacene film grown on poly (3.,4-ethylenedioxythiophene):poly

(styrenesulfonate) (PEDOT:PSS) is also discussed for the first time.

3.2. Experiment
3.2.1.Device Fabrication Process
Schematic cross sectional view of the bilayered PD is shown in the inset of Figure

3.1.
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LiF/Al

C60

PEDOT:PSS

ITO

Figure 3.1 Schematic device structure of the bilayered photodetector. The device
anode and cathode is ITO:PEDOT and LiF/Al respectively.

AJs) is referred to Sample”A’\(0M AYs). Sample B represents the PD with structure

ITO/PEDOT:PSS/P3HT/C60/Li .'n\/

The PD structures were fabricated on precleaned indium-tin oxide (ITO) glass
substrate with a layer of 200 A PEDOT:PSS. The steps of clean ITO substrate is
shown follow:

Steps:
(1) De Ion (DI) water current flows for 5 minutes in order to remove the particles.
(2) The substrates should be placed under the in the acetone and ultrasonic resonance
for 5 minutes in order to remove the organic pollution. Then, the substrates have to
put under the DI water current flow for 5 minutes in order to remove the solvent.

(4) The substrates were put in the KG detergent bath with ultrasonic resonance for 5
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minutes in order to remove the particles, fingerprint, and ionic.
(5) The substrates were put under the DI water current flow for 5 minutes in order to

remove the solvent.

(6) Finally, the substrates would be fried with dry N2 flow to blow off the water on the

substrates.
The 200 A PEDOT :PSS (AI 4083) was spin coated on the ITO and annealed at 200°C
for 15 min. Then, the substrate with anode was already prepared. To investigate the
influence of hole mobility on the response speed, pentacene and
poly(3-hexylthiophene) (P3HT) with identical thickness were used as donor materials
and C60 was used as acceptor layer, respectively.

1. P3HT:

P3HT was spin coated on PEDOT:PSS from toluene (1.5 wt %, 1500rpm) and
annealed at 200 °C for 10min. After we spin‘coated the P3HT film, we use acetone to
clean the unnecessary area®Then, @thinsP3HT-layer of about 1000 A was obtained.

2. Pentacene

The pentacene material obtained from Aldrich without any purification was directly
placed in the thermal coater for the deposition. Pentacene (0.1 A/s or 1 A/s) was
deposited by thermal evaporation through shadow mask at a pressure as 1x107 torr at
room temperature. The thickness of the donor and acceptor was 1000 A.

3. Co60

The C60 was directly placed in the thermal coater for the deposition. The
deposition was started at the pressure around 3x10° torr. The 50-nm-thick C60 was
deposited by thermal evaporation at a deposition rate of 1A/s. The active region was
defined by shadow mask. Then, the samples were transferred to deposit the cathode of

LiF(10 A)/A1(1000 A). All the fabrication processes were in glove box to immune the

67



influence of water vapor and oxygen. The active region of the PDs was 4 mm?. The
devices are encapsulated by glass cap with UV glue in a glove box, and measured in

ambient condition.

3.2.2.Measurement Instrument

For transient response measurement, the laser diode with a wavelength as 633 nm
(U-LD-650541A/B, Union Optronics Corp.) is used to trigger samples. The
photocurrent from the PD was measured by using a Femto DHPCA-100
trans-impedance amplifier (TIA) and the output signal is displayed on a digital
oscilloscope (Gwinstek). Atomic force microscope (AFM) images were measured in
tapping mode by Dimension 3100,-Digital Instrument. The J-V curve was measured

by using a HP-4156 or HP,5270 instrument.

3.3. Results and Discussions

The energy band diagrams of ‘sample A and sample,B are shown in Figure 3.2,
while the incident photon-to-electronreonvetsion efficiency (IPCE) of sample A and
sample B under reverse voltage biases are compared in Figure 3.3. The IPCE of
sample A achieves 24 % at 580 nm at a reverse bias of 10 V and remains 10.1 % at
690 nm. As for sample B, the IPCE is around 45-50 % at a reverse bias of 10 V in the
range from 420 nm to 620 nm. A sharply decrease in IPCE start at 620 nm and the
IPCE lower than 10 % is observed over 650 nm. Sample A absorbs more effectively
than sample B in the range from 650 nm to 690 nm. This results from the difference in
absorption spectra of pentacene and P3HT as shown in Figure 3.4. Changing
pentacene deposition rate has no significant influence on IPCE curves or on

absorption spectrum.
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Figure 3.2 The energy band diagrams of sample A and sample B under reverse voltage
biases. The voltage biases is 0, -5, and -10V. The device anode and cathode is

ITO:PEDOT and LiF/Al, respectively.
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Figure 3.3 The incident photon-te-electron conversion efficiency of sample A and
sample B under various reverse voltage biases. The voltage biases is 0, -5, and -10V.
The device anode and cathode is ITO:PEDOT and LiF/Al, respectively.
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Figure 3.4 The absorption spectra of pentacene and P3HT. The thickness of
pentacene and P3HT is 100 nm.
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As a first step to understand the influence of the mobility on the frequency
response of PD, the vertical carrier mobility of C60 and pentacene are extracted from
the space-charged-limited current of organic diodes [4]. Figure 3.5 compares the
current density - voltage characteristics of organic diodes with C60, P3HT, pentacene
deposited at 0.1 A/s, and pentacene deposited at 1 A/s. The thickness of organic layer
is fixed as 180 nm. The vertical carrier mobility is 1.9x107 cmz/Vs, 6.0x10° cmZ/Vs,
2.3x107 cmz/Vs, and 2.8x10* cm*/Vs for C60, P3HT, pentacene (0.1 A/s), and
pentacene (1 A/s), respectively. The carrier mobility in C60 is much higher than that
in P3HT or in pentacene, implying that the response bottleneck in organic PDs is
usually in donor material rather than in acceptor material. Hence, it is essential to

obtain high vertical hole mobilityyn‘donor material.

10 f—ce0 1
10° Ir. ----- Pentacene(1A/sec) 1
O 10° r— — -Pentacene(0.1A/sec) !
€10°f----P3HT __——___——
o 1 ] -—""._ W e 2=
10§
Em'1 |
N’

=10°
10°} . _

01 00 01 02 03
E (MVicm)

Figure 3.5 The current density—voltage characteristics of organic diodes with C60,
P3HT, pentacene deposited at 0.1 A/s, and pentacene deposited at 1 A/s. The thickness
of acceptor layer and donor layer is 50 nm and 100 nm, respectively. The device anode
and cathode 1s ITO:PEDOT and LiF/Al, respectively.

To demonstrate the influence of vertical hole mobility on the electrical
frequency response of the diode, the frequency responses of P3HT diodes and

pentacene diodes measured in a rectifier circuit are compared in Figure 3.6.
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Figure 3.6 The electrical frequency responses of pentacene diodes and P3HT diode.
Characteristics of diodes made by pentacene films deposited at different deposition rate
are compared. A function generator (§110A Pulse Pattern Generator, Agilent) is used to
supply the ac input signals. A capacitor.as 0.1 puF and the internal resistance of the
oscilloscope as 10 MQ are used, as the-lead-capacitor and the load resistance in the
rectifier circuit.

A function generator (8110A Pulse’ Pattern Generator, Agilent) is used to
supply the ac input signalS. A\ capacitor as 0.1- uF and/the internal resistance of the
oscilloscope as 10 MQ are uséd as'the load capacitor and the load resistance in the
rectifier circuit [5]. The rectifier circuit diagram is shown in Figure 3.7. The high hole
mobility in pentacene (1 A/s) contributes to a large bandwidth as 3 MHz while the
low hole mobilities in P3HT and pentacene (0.1 A/s) make the P3HT and pentacene

(1 A/s) diodes lose their rectifying ability at a frequency about 100 kHz.

vV

out

) T R

Oscilloscope

Figure 3.7 The rectifier circuit. A function generator (8110A Pulse Pattern Generator,
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Agilent) is used to supply the ac input signals. A capacitor as 0.1 pF and the internal
resistance of the oscilloscope as 10 MQ are used as the load capacitor and the load

resistance in the rectifier circuit.
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Figure 3.8 The frequency characteristics ,of PDs'made by pentacene and P3HT.

Characteristics of PDs made by pentacene filins deposited at different deposition rate
are compared. The gray dottedsline-is «caleulated following P=PO / (1+ f / fc). The
thickness of acceptor layer and donor layer.is 50 nm and 100 nm, respectively. The
device anode and cathode'is ITO:PEDOT and LiF/Al, respectively.

Then, the frequency responses 0f PDs.(Samples-Ay A’ and B ) are compared in Figure
3.8 by plotting the normalized output amplitude versus the frequency of the input
signal varies from 100 Hz to 50-MHz.

The schematic measurement setup is shown in Figure 3.9. The input signal is the
light generated by a laser diode with a wavelength as 633 nm. The laser diode is
switched on and off by a square-wave voltage signal with different frequencies.

Samples are reverse-biased at 4 volts during measurement.
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TIA

Waveform:Generator

Figure 3.9 The schematic measturementsetup. Theunput signal is the light generated
by a laser diode with a wavelength as-633 nm.-The laser'diode is switched on and off by
a square-wave voltage Signalpwith-differentsfiequencies. For transient response
measurement, the laser diode with a wavelength as 633/ nm (U-LD-650541A/B, Union
Optronics Corp.) is used.to. triggersamples. The photecurrent from the PD was
measured by using a Femto DHPCA-100 trans-impedance amplifier (TIA) and the

output signal is displayed on a digital oscilloscope/(Gwinstek).

It is found that the frequency response of Sample B is similar to that of Sample A’
(0.1 A/s) while Sample A (1 A/s) follows the input signal well even under a 50-MHz
light switching. Though the pulse generator in our experiment has a frequency
limitation of 60 MHz, the bandwidth of Sample A can be estimated by fitting the
experimental data with the basic transfer function of a single-time-constant low-pass
amplifier [3, 6]. The dashed line in Figure 3.8 represents the calculated normalized
output power intensity as a function of frequency. A 80-MHz bandwidth can be
expected for Sample A under a 4-volts operation.

As aforementioned, the response bottleneck is in the donor material. Our results
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reveal a significant influence of pentacene deposition rate on the vertical hole
mobility and on the PD bandwidth. For pentacene grown on PEDOT:PSS, it is
reported that a deposition rate higher than 3 A/s leads to high nucleation sites and
small grain size [7]. In our experiment, the AFM images of 100-nm-thick pentacene
films deposited at 0.1 A/s or 1 A/s on PEDOT:PSS are shown in Figure 3.10(a) and
3.10(b), respectively. Grain size and grain structure of these two images are similar to
each other. Thin-film X-ray diffraction patterns of these two samples (shown in
Figure 3.11) are also almost identical. It is therefore speculated that the deposition
rate (0.1 A/s or 1 A/s) has no significant influence on pentacene bulk region. The
difference in the initial growth stage may play an crucial role to influence the
observed vertical hole mobility:\To-verify thewspeculation, we compares the AFM
images of 1.5-nm-thick pentacénefilms deposited at 0:1¢A/s or 1 A/s on PEDOT:PSS
as shown in Figure 3.10(¢) and 3.10(d), respectively. The AFM images of 3-nm-thick
pentacene films deposited at 0.1, A/sfor‘l A/s on PEDOT:PSS are also shown in
Figure 3.10(e) and 3.10(f). . As\shewn mn Figure 3.10(f), the 3-nm-thick pentacene
deposited at 1 A/s on PEDOT:PSS. §tatts to" develop dendritic structures. The
3-nm-thick pentacene film deposited at 0.1 A/s on PEDOT:PSS as shown in Figure

3.10(e), however, has no clear grain structure yet.

74



Pentacene 0.1 A/sec § Pentacene 1.0 A/sec

Pentacene 1.0 A/sec

Pentacene 1.0 A/sec

Figure 3.10 AFM images of 100 nm, 1.5 nm, and 3 nm pentacene films deposited at
(a) 0.1 A/s and (b) 1 A/s, (¢) 0.1 A/s and (d) 1 A/s, and (e) 0.1 A/s and (f) 1 A/s on
PEDOT:PSS covered ITO glass, respectively.

Since the PEDOT:PSS exhibits a hydrophilic surface, it is proposed that pentacene
grown on PEDOT:PSS follows “layer-plus-island” (Stranski-Krastanov) mode [8].

When pentacene molecules arrive on PEDOT:PSS, they rearrange and pack to form
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two-dimensional islands due to the strong interaction between pentacene molecules

and substrate.

pentacene (0.1~0.2A/sec)

0=11.4
(002)

pentacene (1A/sec)

Intensity (a.u.)

substrate

2 4 6 8 1'021(;2 14 16 18 20 22

Figure 3.11 X-ray diffraction (XRD) pattern of pentacene deposited on ITO surface.
The thickness of pentacene thin films deposited on ITO surface are 100 nm.

After the formation of the first few monolayers to.cover the substrate, pentacene
growth mode turns to the;island mode that forms three-dimensional islands when the
interaction between pentacene molecules 4§ stronger tham the interaction between
pentacene and substrate. ‘Decreasing the deposition/raté may reduce the surface
coverage [9]. Because low deposition rate creates low nucleus density, molecules
have to diffuse a larger distance to be incorporated into islands, hence have a larger
possibility of being desorbed. As a result, in our study, lower deposition rate retards
the formation of three-dimensional islands. On the other hand, pentacene deposited at
1 A/s on PEDOT:PSS exhibits more three-dimensional islands, leading to the
improvement of film order in the vertical direction and the increase of vertical

mobility.

3.4. Conclusion
In summary, we report a direct influence of the vertical carrier mobility on the

response speed of organic PDs. By using C60 as the acceptor material and
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pentacene with high deposition rate as the donor material, a high-speed bilayered
organic PD is demonstrated for the detection of very-high-frequency (VHF, > 30MHz)
light switching signals. The influence of deposition rate on the vertical hole mobility
of pentacene on PEDOT:PSS is investigated and explained. The VHF organic PDs

facilitate the development of the next-generation information technologies.
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Chapter 4. Vertical Polymer Phototransistor featuring

Photomultiplication due to Base-field Shielding

4.1. Introduction

Organic photodetector arrays can be fabricated at low temperatures on a large scale,
with low production costs. The integration of organic photodetectors and other
organic electronic devices such as organic transistors, organic light-emitting diodes,
and various sensors enables the development of numerous devices, including flexible
touch panel displays, flexible large-area scanners, footprint scanners, proximity
sensors, biomedical sensors, to name-afew.[1~3]

A good photodetector requites high-photoresponsivity, low operational voltage, wide
bandwidth, and processes,that are compatiblé with organic transistors, should one
desire an active-matrix photodetectionsarray. Theterm photodetectors generally refers
to two classes of organic devices, The first class refers to,an organic photodiode (OPD)
with a vertical metal/semiconducting/metal structure. The semiconducting layer is
generally a blend of a donor material with an acceptor material to absorb light and
dissociate excitons. OPDs can usually be operated at low voltages (< 5 V) with wide
bandwidths (over 80 MHz).[4,5] Unfortunately, the processes involved in the
fabrication of vertical structures are incompatible with the process of forming
conventional horizontal organic thin-film transistor (OTFT). The second class of
photodetector refers to organic phototransistors (OPT) based on an OTFT structure.
The photodetection mechanism is based on the shift of threshold voltage due to the
formation of a charged state in the organic semiconducting layer or at the
semiconductor/dielectric interface under light irradiation.[6] OPTs exhibit high

photoresponsivity (> 10 A/W), but usually require high operating voltage (> 10 V).[3]
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In this research, we propose a new vertical OPT based on space-charge limited
transistors (SCLT).[7] This SCLT-based OPT utilizes a new photo detecting
mechanism referred to as the base-field shielding to induce photomultiplication (PM).
The effects of PM in organic semiconducting devices has been reported by several
research teams.[8,9] In 2007, Jinsong Huang and Yang Yang suggested that PM was
due to photo-induced carrier injection.[10] In SCLT-based OPT, we first observed a
new effect of PM that was not only related to photo-induced carrier injection but was
also greatly enhanced by the effects of base-field shielding. To enhance the effect of
base-field shielding, we exchanged the channel material from a donor material,
poly(3-hexylthiophene) (P3HT), to a blend of a donor material and an acceptor
material, P3HT blended with (6;6)-phenyl-C61=butyric acid methyl ester (PCBM), to
enhance the dissociation of excitons.-“The SCL'T-based OPT and P3HT blended with
PCBM channel material..demonstrated high® EQE (approximately 358 %), high
photo-to-dark current ratio"(approximately 2000),.low operational voltage (-1.5 volts)
and positive transistor characteristics with an initial’on/off current ratio as high as
5000 for single devices.

4.2. Experiment
4.2.1.Device Fabrication process

The structure of the device is shown in Figure 4.1.

ITO(E)
Glass

Figure 4.1 Schematic illustration of the structure of P3HT or P3HT:PCBM-SCLT.
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P3HT or P3HT blended with PCBM was used as the polymer semiconducting

material. The SCLT-based OPT was fabricated on a pre-cleaned ITO glass substrate

that had been flattened by 150 W O, plasma for 30 min.

The ITO substrate resistance is determined < 7 Q and the pattern of emitter is shown

in Figure 4.2. Firstly, we divide ITO glass into 3x3 cm? square, and clean by soap,

acetone, IPA solution each by each in ultra sonic for 20 minutes. Then, we use amount

DI water to remove leftover solution, and dry by N, air. The processes for patterning

the emitter is as following.

1. The clean ITO glasses were put on 170°C hotplate for 5 minutes to remove the
residual moisture, and stuck the negative photoresistor (PR) onto the glasses.

2. Next step is using UV lithography through defined,shadow mask for 32 seconds.

3. The ITO is immersed in prepared K>,COj; solution and then cleaned by DI water.

4. Removing the ITO without'coverage the PR and etching.by 50°C HCI solution.

5. Finally, the PR is removed by 'NaOH solution, and the defined ITO pattern is

cleaned by DI water.

Figure 4.2 The defined emitter pattern with the ITO electrode.
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A layer of (2000 A) cross-linkable poly(4-vinyl phenol) (PVP) was spin coated onto
the ITO substrate, and cross-linked at 200°C for 60 min in a glove box environment.
Poly (melamine-co-formaldehyde) methylated (Aldrich, Mw~511) was used as a
crosslinking agent for the PVP. The schematic structure of PVP and PMF is shown in

Figure 4.3.

(a) (b)

[ R = H or CH;

OH

Figure 4.3 The chemical sttucture of insulator.{(a) PVP (poly(4-vinylphenol))
cross-linked with (b) PMF (poly(melamine-co-formaldehyde) methylated).

The surface of the PVP was made'hydrophilic by short time exposure to 50 W O,
plasma before the substrate ' was\submerged 1n a dilute ethanol solution containing 0.8
wt % positively charged polystyrene..spheres” (Merck, K6-020). The polystyrene
spheres were 200 nm in diameter, and were adsorbed by the surface of the PVP to
serve as a shadow mask. After submerging the substrate for 3 min in the solution of
polystyrene spheres, the substrate was transferred to a beaker with boiling
1sopropanolic (IPA) solution for 10 sec to avoid the accumulation of PS spheres.[11]
The substrate was immediately blown dry to form two-dimensional colloidal arrays.
Al and SiO, was evaporated to a thicknesses of 400 A and 500 A to form metal base
electrodes and upper insulators through the same mask. After removing the
polystyrene spheres with adhesive tape (Scotch, 3M), a grid electrode with pore
diameter of 200 nm was formed. Figure 4.4 shows the scanning electron microscopy

(SEM) image when the PS is removed by the tape.
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100K 100,000 WD G.0mm 100mm

Figure 4.4 The scanning electron microscopy (SEM) image when the PS is removed
by the tape.

The PVP at sites without h plasma treatment of 150

W O, for 13 min to ope mage is shown in Figure

4.5.

S5bh:80 SEM SEI 10.0kvV  X100,000 WD 6.0mm  100nm

Figure 4.5 The PVP at sites without Al coverage were removed through plasma

treatment of 150 W O; for 13 min to open the channel region.

The substrate was then stored in glove box and active layers were rapidly spin-coated

onto the surface. Two kinds of active layer were used. One was P3HT of 3500 A from
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4.5 wt % chlorobenzene to form a conventional P3HT SCLT. The other was a blended
P3HT:PCBM of 3500 A from 4.5 wt % chlorobenzene to form a new P3HT:PCBM
SCLT. The P3HT: PCBM blending ratio was 1:0.1 by weight. The schematic structure

of P3HT and PCBM is shown in Figure 4.6.

/ / & Y 2 Y o W

(b)

Figure 4.6The chemical 'structure “of (a) Polythiophene (P3HT) and (b)
Phenyl-C61-butyric acid methyl ester(PCBM):

Finally, Al was deposited to a depth of 40-nm for use as a collector electrode to
complete a device with an active area of 1 mm®. A light emitting diode backlight
(LED) was used as the light source to irradiate the sample from the ITO electrode.

The process flow is also shown in Figure 4.7.
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Figure 4.7 The processes flow-of device fabrication.

4.2.2.11lumination System

The white light source comes from light-emitting diode (LED) backlight with a broad

wavelength range. The light source was set up below the device to irradiate the

sample from bottom. The light power was controlled by the power supply (PPT3615).

The light intensity was adjusted by changing the applied voltage. The light intensity

range is from 0.607 mW/cm® to 11 mW/cm®. Figure 4.8 shows the illumination

system.
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Figure 4.8 The illumination system and the vertical transistor. The organic active layer
is P3HT or P3HT:PCBM. The thickness of the active layer is 350-nm.

4.3. Results and Discussions

SCLT is a solid-state triode using a-metalrgrid as the base.electrode to control the on
/off state of the vertical channel betweensthe'emitter and/collector electrodes.[7,12] In
this study, P3HT SCLT éxhibited characteristics' similar to those reported in our
previous study.[7] High on/off ‘cureent ratio.(>"10000) was obtained at a low
collector-to-emitter operational voltage (Vcg) (~ -2.2 V). Also, the device output

characteristic is shown in Figure 4.9.
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Figure 4.9 (a) Output characteristics of P3HT SCLT. The Vg is sweep from 0 to - 3V
and the Vg is step from — 0.9 to 1.5 V. (b) The on/off current ratio of the P3HT SCLT.
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In this study, the operational voltage (~ -2.2 V) was slightly higher than that in the
previous report (~ -0.8 V) because the thickness of the PVP and P3HT was
approximately 3 times greater than that of the previous report, thereby enabling
greater control of the device current leakage. The transfer characteristics [i.e. collector
current density (J¢) plotted as a function of the base-to-emitter voltage (Vzg)] of P3HT
SCLT in the total darkness, and under illumination when Vg = -1.5 V are shown in

Figure 4.10.
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Figure 4.10 Transfer characteristics of 'a' P3BHT-SCLT in total darkness and under
illumination. The light intensity is from 0 to 11 mW/cm®.

In the total darkness, the off current was below 5x10™* mA/cm?. Under illumination,
the off current increased significantly. If photo current density (J,) is defined as the
current density under illumination minus the current density in total darkness (Jyu),
Jpn as 1 mA/cm? is obtained when illumination intensity is 11 mW/ecm? , Vg =1.5V,
and Vg = -1.5 V. We can assume that the high J,, in P3HT SCLT was not produced
by the photo-generated carriers in P3HT, due to the fact that exciton dissociation in

P3HT without an acceptor blending is known to be poor. Poor exciton dissociation
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was confirmed by measuring the Jc-Vegp curve in a reverse-biased EC diode with
floating base potential in total darkness and under illumination (not shown). Low J,,
of 3x10™* mA/cm? was obtained with illumination intensity of 11 mW/cm? and Veg =
1.5V.

To investigate the mechanism causing high J,;, in P3HT SCLT, we simulated carrier

distribution and the potential channel profile with TCAD Silvaco Atlas software.
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Figure 4.11 A simulated potential distribution at’the'central vertical channel.

The 2-dimensional simulation was performed by setting Vep=-1.5 Vand V=2V
to simulate the device operated in its off state. Material parameters were defined as in
reference 13. The potential distribution in the central channel from emitter to collector
is shown in Figure 4.11. In total darkness (i.e. photo generation rate = 0 cm™), the
emitter was unable to inject holes into the channel because the 2-V Vpg created a
potential barrier to impede hole transport, whereby a low off-state current was
achieved. Under illumination (i.e. photo generation rate = 10' or 10" cm™), the
potential barrier formed by the 2-V Vpp significantly dropped, and with a lower

potential barrier, high off-state current was expected. A lower potential barrier under
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illumination was explained by the 2-dimensional electron distribution plot shown in

Figure 4.12.
0.1
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Figure 4.12 The 2-dimensional”electron.distribution of P3HT-SCLT with a photo

generation rate = 10" cm>wand a Vge= 2 V. Electron coneentration is denoted by n.

With a photo generatiof rate =:10°>-em-and-as//5:/~ 2V, the electrons generated
by exciton dissociation accumulate around the base/f the electrode. The accumulated
electrons shield the base field and suppressed the influence of base bias on channel
potential. As a result, the potential barrier caused by base bias was lowered under
illumination. The off-state current, with exponential dependence on the potential
barrier height, increased significantly. However, due to poor exciton dissociation in
P3HT, the concentration of electrons around the base electrode was not high enough
to completely shield the base-field. Therefore, in Figure 4.10, we see the off-state
current density under irradiance as 11 mW/cm? is still 38 times lower than the on-state
current density. If complete base-field shielding is expected for further enhancement
of the photo response, the exciton dissociation in the channel region will need to be

improved. In the following experiment, we added PCBM to P3HT to form a

89



donor/acceptor interface to improve exciton dissociation.

The characteristics of the P3HT:PCBM SCLT are shown in Figure 4.13. When base
to emitter potential (¥gg) changed from -0.9 V to 1.5V, the device was switched from
on state to off state. Maximum on/off current ratio of approximately 5000 was
obtained at a collector to emitter potential (Vcg) of -1.5 V. The on/off current ratio is
inferior to that of P3HT SCLT because electron injection from the collector metal
(aluminum) to PCBM caused a leakage in the current. An electron blocking layer

between the collector and active layer could be applied to reduce the leakage in future

studies.
b
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Figure 4.13 (a) Output characteristics of PSHT:PCBM ( 1 : 0.1) (wt : wt ) SCLT. The
Veg 1s sweep from O to - 3V and the Vg is step from — 0.9 to 1.5 V. (b) The on/off
current ratio of the P3HT:PCBM (1 :0.1) (wt : wt ) SCLT.
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Figure 4.14 (a) Output characteristics of P3BHT:PCBM (1 : 0.5) (wt : wt ) SCLT. The
Veg 1s sweep from O to - 3V and the Vg is step from — 0.9 to 1.5 V. (b) The on/off
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current ratio of the P3HT:PCBM (1 : 0.5) (wt : wt ) SCLT.

In this work, to maintain a reasonable on/off current ratio, the P3HT:PCBM blending
ratio was kept to 1:0.1 by weight. If the PSHT:PCBM blending ratio were 1:0.5 or 1:1,
the device would suffer from large leakage current, which would degrade switching
performance. The output characteristics of 1:0.5 and 1:1 P3HT:PCBM is shown in
Figure 4.14, respectively. The transfer characteristics of a P3HT:PCBM SCLT in total
darkness and under illumination are shown in Figure 4.15. Vg 1s fixed as -1.5 V. J¢

in total darkness, represented by dark square symbols in Figure 4.15.

10°

_ 10*}p3HT-PCBMSCLT

"g 10:;; p Vo8V 0’;’

2 101l' o Irradianc.:e=

é 10 r /./‘/ (lecmz)

- 2F o —u—

20:: 3_3 l' Oﬁ. —e— g.G
10'4r .‘/. —). UL

1.5 1.0 0.5:0.0/-0.5 1.0

Vee V)

Figure 4.15 Transfer characteristics of @ P3HT:PCBM SCLT in total darkness and

under illumination. The light intensity is from 0 to 11 mW/cm®.

This exhibits significant on-state and off-state when Vpe changes from negative to
positive. Under illumination, both on-state Jc and off-state Jc increased with an
increase in the intensity of illumination. On/off current ratio decreased with increases
in the intensity of illumination, indicating a weaker base control over the channel.
When light intensity was 11 mW/cm?, the off-state J¢ was nearly equal to the on-state
Jc. The base field was completely shielded and Vg lost control over Je. To compare
the effect of base-field shielding in P3HT:PCBM SCLT and in P3HT SCLT, transfer

characteristics of P3HT under illumination (11 mW/cm?) are represented by a grey
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line in Figure 4.13. Off-state Jc at Vgz = 1.5 V is one order lower than on-state J¢ at
Ve =-0.9 V. P3HT SCLT, and has inferior base-field shielding to P3HT:PCBM SCLT.
Blending 0.1 wt% PCBM with P3HT enhanced the effect of base-field shielding in
SCLT. For the P3HT:PCBM-SCLIT, there is a reasonable injection of electrons by the
cathode and a reasonable conduction for electrons. The electrons injected by the
cathode must therefore accumulate around the base region. The P3HT:PCBM device,
however, can be switched off in dark because the accumulated electrons are removed
by the base current. When the P3HT:PCBM device is operated in dark, the base
current is about 10* mA/cm” and is approximately equal to the off current in dark as
shown in Figure 4.15. When the P3HT:PCBM device is under irradiance as 11
mW/cmz, the base current is about" 10" mA/cm*and’is one order smaller than the off
current under irradiance as bl ‘mW/cm’ as shown in Kigure 4.15. It is proposed that
the base current is not able.to fully remove the‘accumulated:clectrons around the base
electrode. The accumulated electrons then shieldithe base“ficld. Figure 4.16 (a) and
16 (b) show the off current density of PSHT:PCBM-SCLI as a function of collector to
emitter voltage. In Figure 4.16 (a), th¢ deviee 1s' operated under off-state in total
darkness and the collector current density is nearly equal to the base current density
plus the emitter current (i.e. Jc=Jg+Jg). There are few electrons to accumulate around
the base region, and therefore, the device can be switched off. On the contrary from
the Figure 4.16(b), the device is operated in off-state under illumination, the collector
current density is nearly equal to the emitter current density and is much higher than
the base current density. Therefore, the device cannot be switched off under
illumination because there are enough electrons to accumulate around the base region

and screen the base field.
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Figure 4.16 The off current density of PRHT:PCBM-SCLT as a function of collector
to emitter voltage. (a) The device is operated under off-state in total darkness and the
collector current density is nearly equal_to the base current density plus the emitter
current (i.e. Jc=Jg+Jg). (b) The dévice-is-operated in off-state under illumination, the
collector current density is nearly equal.to. theemitterscurrent density and is much

higher than the base currentidensity-

In Figure 4.17, it is interesting to notesthatitheson=current also increases significantly
under illumination. Because’ ‘the SCLT operated{ in on-state is similar to a
forward-biased diode, we needed to"analyze'the photo response of a P3HT:PCBM
diode in both reverse and forward bias conditions. We fabricated two planar
ITO/P3HT:PCBM/AI diodes. One with a P3HT:PCBM blending ratio of 1:0.1
(Diode-A), and the other with a P3BHT:PCBM blending ratio of 1:1 (Diode-B). The J,,
(i.e. Jin- Jaark) of these two diodes was plotted as a function of bias voltage in Figure
4.17 wherein the intensity of illumination was 11 mW/cm® In reverse-biased
conditions, Diode-A had a much lower Jp, than Diode-B, because the low PCBM
percentage suppressed exciton dissociation. In forward-biased conditions, Jyn of
Diode-A was 20 times higher than that of Diode-B. Obviously, exciton dissociation

does not explain the large J, in forward-biased conditions. We propose that the hole
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injection from ITO to P3HT is enhanced under illumination. In previous reports,
photo-induced carrier injection was a result of carrier trapping at the injection
interface to lower the injection barrier.[8] The Jp, of EC diode in P3HT:PCBM-SCLT
is shown by a dotted line in Figure 4.17. We obtained a J,, higher than 1 mA/cm?,
when forward-biased voltage was 1.5 V (i.e. Vg = -1.5 V). Although the
forward-biased Diode A and the forward-biased EC diode had high Jp,, their
photo-to-dark current ratios [Jpn /Jganc=( Jin-Jdark)/ Jdark] Were smaller than 1, because
of the high Jyar. In P3HT:PCBM-SCLT, the current flowing through a forward-biased
EC diode (i.e. Vcp=-1.5 V) was turned off by the base potential in total darkness, and
as a result, a low Jya.« was achieved. Under illumination, base electrodes lose control
over channel current due to the‘effect of base=field shiclding. At the same time, the
effects of photo-enhanced hole injection in the forward-biased EC diode contribute to
high channel current. The.photo-to-dark current fatios (Jsw/Jqark) Were 4x10%, 4x10°,

and 6% 103, when illumination intensities.were 0.6;.6, and 11 mW/cmz, respectively.
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Figure 4.17 The J,;, of planar diode of PZHT:PCBM=1:0.1 (Diode-A), planar diode
of P3HT:PCBM=1:1 (Diode-B), and EC diode in

P3HT:PCBM-SCLT(P3HT:PCBM=1:0.1) plotted as a function of bias voltage. In
reverse-biased conditions, Diode-A had a much lower Jy, than Diode-B, because the

low PCBM percentage suppressed exciton dissociation. In forward-biased conditions,
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Jon of Diode-A was 20 times higher than that of Diode-B. Obviously, exciton
dissociation does not explain the large Jp, in forward-biased conditions. We propose
that the hole injection from ITO to P3HT is enhanced under illumination.

Also, we measured the external quantum efficiency (EQE) of the P3HT:PCBM-SCLT
with an active area of 1 mmz, Veg=-1.5 V and Vgg= 1.5 or 3 V, as shown in Figure
4.18. In SCLT, when irradiated from an ITO electrode, only a fraction of the active
area comprised P3HT:PCBM material. The EQE measured in this case was actually
an effective EQE per unit active area. The maximum EQE of P3BHT:PCBM-SCLT was
110% and 360% at 620 nm when Vgg= 1.5 and 3 V, respectively. An EQE higher than
100, representing a photomultiplication (PM) phenomenon, was dominated by a

base-field shielding effect. The hight EQE,-however had a narrow bandwidth.
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Figure 4.18 The EQE of P3HT:PCBM-SCLT. The Vg is fixed at 1.5 V. The EQE
measured in this case was actually an effective EQE per unit active area. The maximum
EQE of P3BHT:PCBM-SCLT was 110% and 360% at 620 nm when Vgg= 1.5 and 3 V,

respectively.

When the measured EQE frequency increased to 80 and 160 Hz (shown as Figure
4.19), maximum EQE dropped to 15 and 12, respectively. The narrow bandwidth
could be explained by slow electron accumulation surrounding the base electrode.

Under illumination, excitons dissociated at P3HT:PCBM interface to generate free
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electrons. Electrons moved from P3HT:PCBM interface to the base clectrode to
accumulate around the base. However, low electron mobility in P3HT blend with 0.1

wt% PCBM suppressed the rate of electron accumulation.

120
2 —@— P3HT/PCBM SCLT
' V_=1.5VV_=1.5V
= 80}
= | (a)
8 40}
L !
@
0 M M M
0.9} —a&— Reverse-biased of EC diode
—_ i V_=1.5V
= osl (b)
L !
8 03fFe @ ?
0-0 " 2 2
0 80 160

Frequency (Hz)

Figure 4.19 The (a) EQE of P3HT/PCBM SCLT and (b) EQE of device EC diode as
a function of frequency response. . When the measured EQE frequency increased to 80
and 160 Hz, maximum EQE dropped to 15 and 12, respectively. The narrow bandwidth
could be explained by slow electron accumulation surrounding the base electrode.
However, the EC diode is not dependent on the frequency.

The response of the base-field shielding effect was therefore slow. In future studies,
incorporating more PCBM into P3HT may succeed in enhancing the speed of the
base-field shielding, while an electron blocking layer between the collector
(aluminum) and active layer would be required to prevent leakage through PCBM.
Finally, a 633nm laser diode source pulsing at a frequency of 1 Hz. Collector current

density (Jc) of the P3BHT:PCBM SCLT with blending ratio of 1: 0.1 (wt:wt) in the
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turn-off condition was tracked as shown in Figure 4.20. For a P3HT:PCBM SCLT

biased with Ve = -3V and Fp=1.5V, rapid and significant current response was
obtained.
3
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Figure 4.20 Off currentydensity—of PIHT.:PCBM, SCET monitored under pulsed

illumination of 1 Hz frequéncy. The light source 1§ laser diode with 633 nm wavelength.
The device was biased at Va=-3 Vand¥z=1.5 V.

4.4. Conclusion

In summary, we demonstrated a vertical polymer phototransistor, based on the
space-charge limited transistor (SCLT). The photo response in SCLT was governed by
the following steps. First, the SCLT was operated in the off-state to provide a current
in total darkness. The EC diode was forward biased and the base potential created a
potential barrier to impede hole transport. Second, under illumination, excitons were
generated in the polymer channel layer. In this study, the channel material was P3HT
blended with PCBM at a blending ratio of 1:0.1, to enhance exciton dissociation.
Third, after exciton dissociation, electrons flowed toward the base -electrode.
Electrons accumulated around the base electrode shield of the base field. As a result,

the potential barrier was reduced. At the same time, the hole injection from ITO into
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the channel is enhanced. Finally, with the reduction in the potential barrier and the

enhancement of hole injection, a large photocurrent was obtained.
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Chapter 5. Pentacene-based Organic Thin Film

Transistors for Ammonia Sensing

5.1. Introduction

Analyzing the chemical composition of human breath helps people to examine
their health conditions. It is a convenient method for a non-invasive diagnosis of
disease and has been used for centuries[1]. More than 200 organic or inorganic
gaseous molecules[2] were examined in human breath. These gaseous species were
produced through normal physiological processes or pathological conditions such as
gastric ulcer, liver disease, cancer, or renal failure. A gas sensor that can monitor the
unusual concentrations of these,specific molecules'in human breath can be very useful
for the non-invasive diagnosis of these diseases.

Diagnosis of disease:using human breath-has been successfully demonstrated for
H. pylori infection[3]. The target ‘analyté is C13 labeled carbon dioxide (*CO,),
which is produced when patient ingest C13 labeled urca. Another example is the
diagnosis of diabetes using gas-sensitive_LAPS (Light Addressable Potentiometric
Sensors) for breath test[4]. However, both cases are limited in hospitals or medical
centers for the readout of the sensing signals required expensive instruments. Facing
with the ageing society and urgent need for personalized medicine, it is essential to
develop cheap and portable gas sensors for patients and to trace their conditions at
home.

Ammonia is an crucial indicator for uremia and chronic liver disease (Table 2.1).
Breath ammonia level is significantly higher in cirrhotic patients (0.745 ppm) than
that in normal person (0.278 pm)[5]. Patients who have renal failure even exhale 4.8
ppm ammonia in their breath[6]. Although these medical indicators suggest a

convenient method for the diagnosis of these crucial diseases, suitable ammonia
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sensor was not available. Current ammonia sensors such as polyaniline sensors, metal
oxide sensors, catalytic sensors, and optical analyzers suffer from disadvantages such
as high operation temperature, low sensitivity and high cost[7, 8]. Adequate ammonia
sensor for biomedical application should be able to detect ammonia from around 0.5
ppm to 5 ppm at room temperature as described above for cirrhotic[5] and renal
failure patients[6]. No ammonia sensor that fulfill the requirements has been reported.

Organic thin-film transistors (OTFTs) were reported to be a non-invasive,
inexpensive, portable and disposable diagnostic device because of its low cost
fabrication process and high sensitivity to gas molecules[9]. The molecular active
channel in OTFTs enables the devices to exhibit rapid response in both gaseous[10]
and aqueous|[11] sensing environment: Tt is propesed that the gas molecules penetrate
organic active layer through'grain boundaries and diffuse into channel region to react
with carriers[12, 13]. As a,result, the sensitivity 18 high and is strongly dependent on
the morphology and the grain boundary<density.of the organic film[14]. Compared
with resistor-type sensors, .OTFTs  provide multiple’ sensing parameters such as
field-effect mobility, turn-on conductivity, tuin-o0ff conductivity, threshold voltage and
subthreshold swing[15]. Also, OTFTs with different active layer materials can form an
OTFT array to provide sensing selectivity through a sensing map[9]. Some
approaches have been demonstrated to increase the sensitivity and selectivity of
OTFT gas sensor by changing the functional group, the grain structure of organic
layer[16], or varying the device dimension[17]. However, they didn’t study OTFT
response to ammonia gas. Only one paper demonstrates OTFT response to ammonia
gas[18]. However, the detection limitation was not defined. The feasibility of using
OTFTs as non-invasive diagnostic sensor was not discussed.

In our study, for the first time, we demonstrate OTFT to be an ammonia sensor

with the detection range of 0.5 ppm ~ 5 ppm. They are applicable on the breath test of
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cirrhotic and renal failure patients. To increase the device sensitivity to ammonia
molecules, we also propose a simple UV irradiation process to increase the dipole
moment on gate dielectric surface. We successfully demonstrated that the increased
dipole moment on dielectric surface effectively enlarge the OTFT response to
ammonia molecules. OTFT sensitivity to low-concentration (0.5 ppm) ammonia gas is

also significantly improved.

5.2. Experiment

5.2.1. Device Fabrication Process

The highly-doped p-type silicon wafers; withy L00 nm thick silicon oxide were used as
the substrate. The p-type siliecon-was used as gate ‘electrode, and the silicon oxide
layer was used as gate insulator. ‘After cleaned with 5 min de-ionized water, Smin
acetone, and Smin de-ionized water, the particles and the ampurities on the substrate
were removed in order to @void gate leakage-which may cause instability [19]. Then,
soluble poly (methyl methacrylate) (PMMA) was_spunron the silicon oxide layer by
the spin coater to improve the electric performance and increase the grain boundaries
[20]. The PMMA was obtained from MicroChem. Corp. with a molecular weight of
95000 and was dissolved in anisole at 10 wt %. The spin speed was accelerated from
0 to 1000 rpm during the first 10 seconds and further increased to 7500 rpm during
the following 10 seconds. After kept as 7500 rpm for 40 seconds, the spin speed was
decreased from 7500 to 1000 in the following 10 seconds and further decreased to 0
rpm during 10 seconds. After the process of spin coating, the PMMA layer was
annealed by hot plate with 90°C for 30 minutes. The capacity of PMMA/SiO2
dielectric layer was about 23~24 nF/cm2. Besides, some of the samples were then

exposed to UV-light, whose wavelength is 175~285 nm and the output power is 40
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mW, for 60 seconds to modify the functional group of PMMA. Then, the pentacene
material obtained from Aldrich with 99.9% purity was evaporated through a shadow
mask on the UV treated and un-UV treated PMMA/Si102 dielectric layer as the active
layer. The deposition was started at the pressure around 3x10° torr and the
temperature was kept at 25°C . The deposition rate of 1000-A-thick pentacene was 0.1
A/sec at the first 100A and was smoothly increased to 0.5 A/sec at the 200A to the
1000A. The deposition temperature, the deposition pressure and the deposition rate
are the crucial parameters to decide the ordering quality of the organic film [21].
Finally, we used gold as the source and drain electrodes. Due to its similar work
function with the HOMO level of pentacene, we can get better injection from gold to
pentacene film. Before gold deposition, we deposited 50-A-thick nickel through a
shadow mask on the pentacene film-as the adhesion layer. Then, we deposited 1000-
A-thick gold on the samples. The Width (W)-and length (L) of the device’s channel
were 800 pum and 1200 pmy; respectively.«Schematic cross-sectional view of STD- and
UV-Treated OTFTs (UV-OTFTs) are shown in Figure 5.1 (a) and (b), respectively.

Figure 5.2(a) is the flowchart for the fabrication processes.

(a) (b)

S D S D
Pentacene Pentacene
PMMA UV-reated PMMA
Si0o, Si0o,
Gate Gate

Figure 5.1 Device structure of (a) STD-OTFT and (b) UV-OTFT.
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(a) (b)

To clean SiO, substrate

Putting the device into
the chamber

Spin coating PMMA on Chamber vacuumed to be
SiO, and heating at 90 C less than 1torr
Part of PMMA Pured with high-purity
with UV-treated (>99.99%) N, to 1atm
< ________ —_

Deposition 100-nm
pentacene on PMMA
by shadow mask

NH; gas (>99%) was
injected through a MFC

Deposition100-nm,gold as
source/drain electrodes
by shadow.mask

Measurement by
Keithley 4200

|

—

Introducing water vapor
and keep the RH at 50%

Figure 5.2(a) The flowchart for the.fabrication precesses and (b) for the measurement

characterization.

5.2.2.Gas Sensing System

In this study, we used OTFTs devices to sense five different kinds of gas as following:
ammonia (NHj3), methane (CHi4), acetone (CH3;COCH;), alcohol (C,HsOH) and
carbon dioxide (CO,). To control the environment in the precise condition, we
measured the devices with a semiconductor analyzer (Keithley 4200-SCS) in a sealed
chamber. The inside volume of the chamber is about 42 L and its configuration image
is shown in Figure 5.3. After putting the device into the chamber, we vacuumed it to
the pressure of 10 torr and then purged it with high purity nitrogen (99.99% N,) to

the pressure of 1 atm. This process can avoid the influence of moisture and other
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gases we did not want to sense. Thus, the data measured in the N, ambiance was the
standard data. Then, we injected the gas we wanted into the chamber and measured

the device’s characteristic.

Keithley
4200

Vacuum

= Fxhaust
Pump

Figure 5.3 The gas sensing system..The chamber holder is surrounded by the 5
probing-stages and the injected gas<is controlled by /mass flow controller (MFC).
Before starting the gas sensing experiment, we used the mechanical pump to pump
down the chamber at a pressure less;than«l-torr=Then we used the high-purity nitrogen
gas (99.99%) to purge the chamber to a pressure about 1 atm and kept the chamber in
the low moisture and oxygen. Then, we introduced ammonia gas through the mass flow

controller.

The concentration of NH3 was controlled as 0.5, 1, 3 and 5 ppm (mg/L) by a mass
flow controller (MFC). CH4 and CO, gases were also injected through a MFC and
their concentrations were controlled as 2 ppm. To get CH;COCH3 and C,HsOH gases,
we used a tedlar bag and put liquid CH3;COCH;3; and C,HsOH inside. After liquid
CH3COCH; and C,HsOH evaporated to saturate pressure, we injected the gases into
the chamber with a syringe which can control the concentration as more than 2ppm.

To discuss the influence of moisture during the gas sensing process, we also provided
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different relative humidity (RH) environment. By using a N, flow to pump water,
water vapor can be introduced into the chamber. We controlled the RH value as 0%
and 50% with different input time and measured the RH with a hygrometer. The

flowchart for measurement characterization is shown in Figure 5.2(b).

5.3. Parameter Extraction

It is crucial to analyze the data with a reasonable method. In this section, I introduce
the method we used to extract the three crucial parameters of the devices from the
electrical characteristics, such as field effect mobility, threshold voltage, and

subthreshold swing.

5.3.1.Field Effect Mobility,
Mobility (p) is an ecrucial parameter in‘most €lectronic devices because it is
directly related to the performance of a transistor. It is normalized for channel width,

channel length, and dielectric:capacitance.
Generally, mobility can be extracted from the transconductance maximum g,

in the linear region:

ol wC,,
= — = V 5.1
gm |:8VG :|VD =constant L ‘u ’ ( )
M= Wg—m (5.2)
(f CoxVD )

, where W is the width, L is the length of the channel, and C, is the capacitance of the

dielectric layer.
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5.3.2. Threshold Voltage

In inorganic electric devices, threshold voltage (Vi) is defined as the point at
which the channel has been completely inverted. That means when the concentration
of inversion charge in the channel equals the equilibrium majority charge carrier
concentration in the bulk. But the most commonly used definition for threshold
voltage (Vi) of an OTFT is extracted from equation (5.3), by extrapolating the linear

Ip-Vg plot at Ip=0.

WuC |45
Iy === (Vg =V WV =2 (53)

In organic semiconductor, the Vi, is determined primarily by the relative
work-function of the gate, source/drain contacts and the organic layer, as well as the
fixed charge and trap distributions in the orgamicslayer. Because of run-to-run
variations, the parameters,can be difficult to.suppress. Thus, Vi, control is an crucial

hurdle to commercializatien of OTEFTs.

5.3.3. Subthreshold Swing

Subthreshold swing is also crucial characteristics for device application. It is a
measure of how rapidly the device switches from the off state to the on state in the
region of exponential current increase. Moreover, the subthreshold swing also
represents the interface quality and the defect density. High performance TFTs mean

lower subthreshold swing of transistors.

oV,
8(log I, )

, when Vg <Vt for p-type. (5.4)

VD =constant
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5.4. Comparisons of Ammonia-Sensing Phenomenon in STD-OTFTs
and UV-OTFTs

5.4.1.Electrical Properties of STD-OTFTs and UV-OTFTs

The transfer characteristics of STD-OTFTs and UV-OTFTs are compared in Figure

54.

-6
10 —5—sm 0-35
—@— UV-treated
107 40.30
- 10257
?.:,10'8 <
E N
atJ 40.20 qc)
> 10° =
10 =
O S
= 10150
s g
Q10 uv o
19.100
0.31
10™ 7S 16.4 | -114
/ 164 -14130.05
0.681 |
10 0.00

-12 _ad((§ 1 1 L 1
10 0 4-10.=20._-30-<407 50 -60
Gate Voltage (V)

Figure 5.4 The transfer characteristics of STD and UV-OTFTs. Drain current (/3) was
measured at a constant drain voltage (V4 = -3 V) while gate bias (V) sweeps from 5 to
-45 volts. Field effect mobility and threshold voltage were calculated in the linear
regime (V4=-3V) defined by standard metal-oxide-semiconductor FET model. S.S was
also extracted from the transfer characteristics. The extracted typical electrical

parameters [mobility (u(cm®/Vs)), threshold voltage (Viy(V)), subthreshold
swing(S.S.(mV/decade))] are summarized in the inset table.

Though the current-voltage model of OTFTs is still not well-developed, formula
borrowed from MOSFET are widely used to analyze OTFT characteristics from
macroscopic point of views[22, 23]. In linear region, drain current (Id) can be

expressed as Eq. (2.3)[22]:
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Cil:(Vg _Vth)'Vd _%de} (5.3)

Typical parameters extracted from transfer characteristics are listed in inset of
Figure 5.4. Iy, of UV-OTFTs was more positive than that of STD-OTFTs. A plausible
explanation is that the UV-treated PMMA produces excess negatively charges that
enhanced the accumulation of holes. Accordingly, compared with STD-OTFTs
subthreshold swing (S.S.) was enlarged and the V', was positively shifted. It may due
to the change of functional end-groups (from —CH; to —COOOH) produced by
UV-treatment on PMMA surface, which will result in the negative charged-states near
PMMA surface. Figure 5.5 (a), and (b) compares the energy-band diagram of

STD-OTFTs and UV-OTFTsjxespectively.

(a)

1 \—_—Evac

Gate PMMA Gate  y.¢reated

PMMA

Figure 5.5 Energy-band diagram of (a) STD-OTFTs and (b) UV-OTFTs.

The negative charge sites, which produced by UV treatment, caused a surface
potential changed that induced a bending of the HOMO level at the interface and

increased the carrier density in the channel. These results are consistent with
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previously reported data [24]. Both STD- and UV-OTFTs exhibited a mobility ()
around 0.3 cm?/Vs (inset table of Figure 1), indicating that the pentacene film
structure and the carrier transport were not significantly affected following UV
treatment. Figures 5.6 (a) and (b) are the AFM images of pentacene film deposited
on PMMA and UV-treated PMMA, respectively. We can find that the grains and

roughness were almost the same.

7

N g : ,‘
| p .
‘RM.S=124 | | °F [ RM.S.=11.6
w f ‘b0 N ‘ Y J +0
2.50 5.00uw mn 2.50 5.00 uw
Figure 5.6 The AFM images of pentacene film‘deposited on PMMA and UV-treated
PMMA, respectively.

5.4.2. Gas Diffusion Model
Figures 5.7 (a) and (b) presents the transfer characteristics of STD-OTFTs and

UV-OTFTs under 1 ppm NH3 condition with period time of 500 sec.
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Figure 5.7 The transfer characteristics of (a) STD-OTFTs and (b) UV-OTFTs under 1
ppm NH; condition with period tihe 0f:500-sec.

The responses of STD- and' UV-OTETs to nitrogenjambient and to 1-ppm ammonia
gas in nitrogen ambient as-a function of sensing time were: determined, respectively.
Four typical parameters “(tutn-onyCurrentpmntrinsic mobility, V, and S.S.) were
extracted and plotted as a funetion.of sensing time as shown in Figure 5.8. Both STD-
and UV-OTFTs keep almost unchanged characteristics in nitrogen ambient. In the
presence of 1-ppm ammonia gas, significant variations of the turn-on current, intrinsic
mobility, and V7, were observed while S.S. was almost unchanged. The turn-on current
variation (/4/l4), according to Eq. (5.3), is affected by both threshold voltage shift
(AVy) and mobility variation (u/ 1), where I4p and gy are the initial drain current and
the initial field-effect mobility. S.S. is usually referred to the interface trap density[25]
and constant S.S. indicated that 1-ppm NHj3 did not drastically change the interface

trap density of the device.
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Figure 5.8 Ammonia sensing tresponses of “OTFTs  with multi-parameters. The
multi-parameters, I/l (turn on cutrent variation)A¥y (threshold voltage shift), w/py
(mobility variation), and S.S. (subthresholdswing), of standard (STD) and UV-treated
OTFTs are plotted as a function of time in N, and NH; (1ppm) ambiences. Each data
point was extracted from the transfer characteristics measured at Vy=-40V, V4=-3V with

the interval of 500 sec within a total sensing time of 5000 sec.

Figure 5.9 shows that when ammonia molecules diffuse into the active layer through
grain boundaries, the decrease in mobility may result from the increase of scattering
centers or the increase of energy barrier for charge transport. It was reported that the
polar molecules disturb charge transport in organic materials by increasing the amount
of energetic disorder through charge—dipole interactions[26]. Because the
concentration of ammonia was fixed, the mobility decreased could be saturated.

Therefore, after exposing to 1-ppm ammonia gas for 1000 sec, mobility of
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STD-OTFT and UV-OTFT degraded about 20% and 30%, respectively. However, the
threshold voltage shifted was decreased gradually. The reason may be the hole-traps,
which were attributed to the NH; or NHy4 ' near dielectric interface and caused lower

concentration of gate-induced mobile carriers [27].

ORC

PMMA

Sio,

Figure 5.9 When ammonia molecules diffuse into (the active layer through grain
boundaries, the decrease in.mobility.may result from the increase of scattering centers
or the increase of energy barrier for, charge-transport: Itvwas reported that the polar
molecules disturb charge transportsin organic materials by increasing the amount of

energetic disorder through charge—dipoleiinteractions.

Figure 5.10 shows the hole-traps near the dielectric interface. This result implied that
the increased dipole moment on PMMA surface following UV treatment may

facilitate the absorption of ammonia molecules.
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Figure 5.10 The hole-traps, which were attributed to the NH; or NH, " near dielectric

interface and caused lower concentration of gate-induced mobile carriers.

5.4.3. Ammonia Concentration Effect

To confirm the gas sensingymodel,-we exposed the'\dévices to different ammonia
concentration from 0.5ppm to Sppm. Figures'5:11 (a) and (b) shows the threshold
voltage shift and mobility*variation as function of different ammonia concentration
measured in different time (1000 'seconds and 2000 seconds). It obviously shows that
the threshold voltage shift and mobility. variation were increased with the increasing
of ammonia concentration, which caused more NH4" or NH; penetrate through the
grain boundaries of pentacene film. We can also find that the threshold voltage shifted
of 2000 seconds is more than 1000 seconds. However, the mobility variation did not
change as a function of time. The phenomenon conformed to the gas sensing model
we mentioned above. For application to non-invasive diagnostic sensor for cirrhotic
patients, it is necessary to monitor ammonia concentration at 0.5 ppm or lower so that
the breath samples between healthy person (breath ammonia level: 0.278 ppm) and a
patient (breath ammonia level: 0.745 ppm) can be distinguished [5]. For the patients
with renal failure, we need to monitor ammonia concentration at 1 ppm (relieve) to 5

ppm  (dangerous) [28]. However, it was hard to distinguish the variation difference
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between 0.5 ppm and 1 ppm ammonia with the STD-OTFTs. Thus, we need to find

another solution to improve the sensing ability.

(a) (b)
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Figure 5.11 Concentration,dependent ammonia sefising response. (a) Threshold
voltage shift and (b) mobility variations for STD-OTFTs are shown when devices were
exposed to NH; with concentrationsvaried fromO ppm.to Sppm. Sensing periods were
fixed at 1000 sec and 2000 sec. Each datatwas the average of three independent

measurements.

5.4.4.Sensing Phenomenon of UV-OTETs

We measured the UV-OTFTs at the same condition. After extracting the parameters
from I-V curve, the threshold voltage was more negatively shifted; the mobility and
drain current were also decreased more than compared STD-OTFTs. Figures 5.12 (a)
and (b) compares the threshold voltage shift and mobility variation of STD-OTFTs
and of UV-OTFTs as a function of sensing time in NH; (1 ppm) and N, ambiences,
respectively. We proposed that UV radiation increased the dipole moment of
dielectric surface and attracted ammonia gas molecules to accumulate near the
dielectric surface. Also, the negative charge sites which caused by UV treatment
enhanced the attraction of positive ammonia ions (NHy), therefore gave stronger

electric responses on UV-OTFTs than those of STD-OTFTs. The variation of mobility
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and threshold voltage shifted between 0.5 ppm and 1 ppm ammonia can be
distinguished. Therefore, after UV treatment, PMMA surface becomes more
hydrophilic and may attract more ammonia.

The variation of w/py and AVy to ammonia concentration indicated that the
difference of less than 0.5 ppm ammonia can be clearly distinguished by UV-OTFTs.
As a non-invasive diagnostic sensor for cirrhotic patients, it is necessary to monitor
ammonia concentration at 0.5 ppm or lower so that the breath samples between
healthy person (breath ammonia level: 0.278 ppm) and a patient (breath ammonia
level: 0.745 ppm)[5] can be distinguished. For the patients with renal failure, the
target ammonia levels are approximately 1 ppm (relieve) to 5 ppm (dangerous)[28].
Our data shown in Figure 5.12 demonstrated.that,both UV-OTFTs (Figure 5.12
(a)-(b)) and STD-OTFTs, (Figure-5.12  (¢)-(d)). can‘'teach this requirement for

ammonia sensitivity.
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Figure 5.12 Concentration dependent ammonia sensing response. (a) Threshold
voltage shift and (b) mobility variations for STD-OTFTs are shown when devices were
exposed to NH3 with concentrations varied from O ppm to 5 ppm. (¢)Threshold voltage
shift and (d) mobility variations for UV-OTFTs are shown when devices were exposed
to NH; with concentrations varied from 0 ppm to 5 ppm. Sensing periods were fixed at

1000 sec and 2000 sec. Each data was the average of three independent measurements.

5.4.5.Selectivity of Gas Sensing

The specificity of OTFT as gas sensor was further investigated with some gases
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that may exist in human breath or may interfere with ammonia sensing. The effects of
carbon dioxide (CO,), alcohol (C,;HsOH), methane (CHy4), and acetone (CH3;COCH3)
on p/uy and AVy, of UV- and STD-OTFTs were shown in Figure 5.13 (a)-(b) and
Figure 5.13 (c)-(d), respectively. These gases were relatively inert to OTFTs and only

ammonia caused significant variation in both g/ and AVy,..

(a) (b)
1.25 0.5
V pureN, UV-OTFT UV-OTFT
P N,+NH,=1ppm
O N_+CH,=2ppm
N.+CH. COCH >2 00| & %
;+CH,COCH_>2ppm
A N,+C,H,OH>2ppm 8
< N,+CO,=1000ppm
_ 05t
o < % a b %
Q1o0r v B & F = |
=2 s >
1.0+ 1
4/ pure N2
T P “Nj#NH,=1ppm T
> €15, N, *CH=2ppm > :
» > N, +CH,COCH,>2ppm| >
> AN C,HLOHS2ppm
075 . . : 1 Z - N,#€0,=10000pm .
0 5001000 1500 2000 0 (500 000 1500 2000
Time (sec) Time (sec)
© (d)
0.5
120 STD-OTFT STD-OTFT
Y pure N2
» N_+NH=1ppm [
O Nz+CHj=2ppm 00r * % é A
N, + CH,COCH,>2ppm v %
AN, + C,H,OH>2ppm
< N, +CO,=2ppm —~.05} l
o > |
3 ) . Z T
S1.00p £ é o @ %F f T
<-1.0 L
v pure N, 1
> » » » » N, +NH=1ppm
= sk O N2 + CH4=2ppm
' N, + CH,COCH_>2ppm
AN, + C,H,OH>2ppm
< N, +CO,=1000ppm
0755500 1000 1500 2000 205500 1000 1500 2000
Time ( sec) Time ( sec)

Figure 5.13 Target dependent OTFT responses. (a) and (b) Variations of 1/p and
AVy, as a function of sensing time for UV-OTFTs. (c) and (d) Variations of w/u and
AVy as a function of sensing time for STD-OTFTs. Each data was the average of
three independent measurements.
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5.4.6.Phenomenon of Recovery

In order to verify the sensing mechanism, we discuss the phenomenon of recovery. At
0 second, both the standard and UV-treated devices were exposed to nitrogen. Then,
during 0 to 3000 seconds, the devices were exposed to 0 ppm (nitrogen), 1 ppm, 3
ppm, Sppm ammonia gas individually. After that, during 3000 to 4500 seconds, the
ambience was purged with nitrogen. From Figures 5.14 (a) and (b), we can find that

the mobility of both the STD-OTFTs and UV-OTFTs can be recovery.
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Figure 5.14 Recovery dependent ammonia sensing response. Mobility variation of (a)
STD-OTFTs and (b) UV-OTFTs as a function of sensing time. Each data point was
extracted from the transfer characteristics measured at V,=-40V, V4=-3V with the

interval of 500 sec within a total sensing time of 4500 sec.

Although the value could not recover to the beginning, the phenomenon were
immediately when the ammonia was purged out. The recovery of mobility may due to

the decreasing of ammonia which may create scattering centers or traps [26].
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However, from Figures 5.15 (a) and (b), the threshold voltage shift of both devices
did not have evident recovery. Although the slope of threshold voltage shift was
gradual when the ammonia was purged out, the value could not be increased. The
reason may be that the ammonia molecular NH; or ammonia ions NH;" had been
trapped on the interface of the dielectric and pentacene layer. Thus, the reaction could

not be reversed.
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Figure 5.15 Recovery dependent ammonia sensing response. Threshold voltage
shifted of (a) STD-OTFTs and (b) UV-OTFTs as a function of sensing time. Each data
point was extracted from the transfer characteristics measured at Vy=-40V, V=-3V

with the interval of 500 sec within a total sensing time of 4500 sec.

5.4.7.Humidity Effect

The most sensitive parameter of OTFT for ammonia sensing was threshold
voltage shift (AVy) as described above. AVy, was proposed to relate to the polar
molecules screen the vertical electric at the channel, UV-OTFTs especially. In
aqueous environment, uncharged ammonia (NHj3;) gas become positively charged

ammonium ions (NH4"). It is reasonable to expect that ammonia molecules convert to
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NH;" when reacting with moisture in ambiance or in organic active layer and
humidity may contribute to the sensitivity of ammonia sensing by OTFTs. RH gave
opposite effects (shown as dash lines in Figure 5.16) to the sensitivity of ammonia
sensing when AVy and p/py were used as sensing parameters of OTFT devices.
Higher RH increased AVy, but decreased /g in the absence of ammonia (at 0 ppm).
These results are consistent with previous reports[29] that the more positive threshold
voltage in the absence of ammonia was because water vapor induced more mobile
charges in the organic semiconductor layer (water molecules doping effect). Therefore,
a large positive gate bias was needed to compensate for the holes in the channel and to
turn off the device[30]. The reduction of carrier mobility was because polar water
molecules residing at grain boundaries interact with hole carriers. Scattering effect or
the field screening effect may be the plausible mechanism to describe interactions
between polar water molecules and carriers.

The water molecules doping effect described above was diminishing in the
presence of ammonia. The humidity effect on AVy represented by AVinru=sov -
AV ru<20v% became more pronounced when ammonia concentration increased from 1
ppm to 5 ppm as shown in Figure 5.16 (a). A possible reason was that water
molecules react with ammonia to form ammonium ions (NH4") and suppress the water
doping effect. The opposite effect of water and ammonium ion on AVy, made it a
sensitive parameter for ammonia sensing at higher RH. Carrier mobility of OTFT was
influenced by RH in a different manner (Figure 5.16 (b)). The ammonia effect on
mobility of OTFT was not significantly influenced by the RH. The humidity effect on
W o represented by |u/poru=s50% - W/ HorH<20%| Was relatively constant when ammonia

concentration was increased from 1 ppm to 5 ppm.
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Figure 5.16 Humidity effect on ammonia sensing using UV-OTFTs.. (a) AV, and (b)
Wy of UV-OTFTs were determined—when. devices were exposed to different
concentrations of NH; gas with RH less than. 20% ‘or'equal to 50%. Humidity effect
(shown as dashed lines) is, defined=as AVinri=sow, - A¥inru<20% and o/t ru=s0% -
W Lo riz<20% for AVy, and i, respectively. The sensing time was fixed at 2000 sec. RH
of the sealed sensing chamber was controlled at RH < 20% and RH = 50%, respectively.
Each data was the average.of three independent measurements by using three samples

with identical initial characteristics.

5.5. Conclusions

A pentacene-based OTFT is shown to be highly sensitive for ammonia sensing
from 0.5 to 5 ppm, a critical range for the diagnosis of patients with chronic liver
diseases and renal failure. This demonstrated that OTFT devices, which can be
fabricated by simple and cheap process and exhibited channel length and width as
large as several hundreds of microns, are useful as non-invasive biomedical sensors.
This is on the contrary to inorganic MOSFET devices that require high fabrication
cost and complicated fabrication process and the dimension of the devices has to be
scaled down to the range of nanometers to increase the gas sensing sensitivity. The

sensitivity and selectivity of OTFTs as gas sensor can be further improved by the
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modification of the PMMA dielectric layer, selecting suitable measuring parameters
and providing additional local electric field. Due to the simple fabrication processes
of the devices, OTFTs are promising to be developed to a portable and disposable gas

SENSOr.
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Chapter 6. Low Operated Polymer Vertical Transistors

with High On/Off Current Ratio

6.1. Introduction

Since the late 19th century, scientists have researched technologies that provide
electronic switch and signal amplifier. The vacuum tube is a triode with a hot cathode,
plate anode, and a controlling grid inside an evacuated glass tube. Yet even today,
vacuum tubes survive in specialist areas, including high-power applications, audio
amplifiers, and in military applications due to its resistance to electromagnetic pulse.
It is thus interesting to ask whether the vacuum tube concept can see a revival in this
era of solid-state electronics, and -once again prove its unique advantages. Attempts
during the 1950s and 1960s;to build-vacuum tubes using inorganic semiconductors,
proved unsuccessful because ‘of difficulties with the depant diffusion process in
forming the grid structure:q{1],[2] Several‘reports; since the 1990s, describe research
into intrinsic organic ‘semiconductor designs / that deliver vacuum tube
functionality.[3],[4] Fabrication of /the. grid, by deposition through a shadow mask,
with openings on the micron-scale, results in poor current density and on/off ratio.[3]
Improvements in grid design, using high density nanometer scale openings increased
output current density to greater than 1 mA/cm?,[5],[6] sufficient for most
applications. The difficulty regarding the on/off ratio of solid state vacuum tubes lies
in the large spatial overlap between the grid and collector electrode. In an early
solid-state device design,[6] the on/off ratio was only 10%; recently we raised it to 104
by introducing an insulator to surround the grid , this being the generally accepted
ratio required for practical applications.[7] Figure 6.1 compares three representative

structures of latest organic vertical transistors.
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Figure 6.1 Schematic device structures. (a) Vertical transistor with rough source
metal [8]. (b) Vertical transistor with thin or porous base metal [9],[10]. (c) Vertical
transistor which named as “SCLT”. The base metal is embedded in organic layer

surrounded with insulator.

Structure A as shown in Figure 6.1(a) has one organic layer between source and drain
metal. Thin (17 nm in Ref.[8]) and'rough source metal is required to enable the gate
field penetration. Structure Bun/Figure 6.1(b)is similar'to a vertical bipolar transistor,
thin (8 nm in Ref.[9]) or porous (Ref.[10]) base metal is needed to enable current flow.
Structures A and B have-difficulty in thin-metal process control. In our study, a
simple structure (structure ‘C).as shown in Figure 6.1(¢).1S used. This is an improved
structure based on previous studies..[11], [12{--The organic layer is sandwiched
between emitter and collector metals to form a simple diode. The base control is
realized by a grid metal with high-density holes patterned by the spontaneous
patterning of higher order nanostructures (SPHOS). The grid metal is well isolated
from emitter and collector metals by putting insulators above and beneath the grid
metal. In this study, low operated voltage solution-processed polymer vertical
transistor with on/off current ratio higher than 2x10* is firstly demonstrated. The
channel length is 200 nm. A new structure is used to perform reliable leakage control.
Significant impacts of thin film morphology and metal doping effect on the leakage
current of organic vertical transistors are firstly observed and recognized as two new

leakage phenomena. The complete leakage control and the reliable process in our
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report enable polymer vertical transistors for real applications.

6.2. Experiment
6.2.1.Device Fabrication Process

Figure 6.2 shows the structure of space-charge-limited transistors (SCLT). In
this device, the Au, SiOy, middle Al, and top Al is utilized as emitter, insulator, base,
collector, respectively. The function of bottom silicon oxide (SiOy) was used to block
the leakage current between Al and Au; and the function of top (SiOy) is used to block

the leakage current between Al and Al.

Organic

SiOx
AI(B)

Figure 6.2 The structure of the proposed vertical transistor.

Figure 6.3 shows the process flow of the vertical transistor proposed in this work.

Polystyrene sphere

~ b9 -

Base Insulator

[ Emitter | [ Emitter | Emitter |
| Glass | | Glass | | Glass
[ |
—
=H= -
Emitter Emitter
| Glass | | Glass | ’ Glass |

Figure 6.3 The process flow of the vertical transistor.
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Glass substrate (CORNING Eagle 2000) must keep clean or films may become rough.
The rough surface would cause point discharge between the insulator and metal. The
steps of clean glass substrate are shown follow.

Steps:
(1) De Ion (DI) water current flows for 5 minutes in order to remove the particles.
(2) The substrates should be placed under the in the acetone and ultrasonic resonance
for 5 minutes in order to remove the organic pollution. Then, the substrates have to
put under the DI water current flow for 5 minutes in order to remove the solvent.
(4) The substrates were put in the KG detergent bath with ultrasonic resonance for 5
minutes in order to remove the particles, fingerprint, and ionic.
(5) The substrates were put undér.the"DI watér-current flow for 5 minutes in order to

remove the solvent.

(6) Finally, the substratesswould be fried with-dry N2 flow to blow off the water on the

substrates.

Before deposition metal on the substrate, the glass substrates were exposed to the
UV-light by UVOs; clean machine that keep the substrate surface clean. Nickel(99.99
9) was deposited to increase the adhesion of the Gold by thermal evaporator. The
deposition rate was controlled at 1A/sec and the thickness of nickel was about 100A.
After deposition of adhesion layer, Gold (99.99%) was deposited by thermal
evaporator. Both of two processes the deposition pressure was started at 5x10°torr
and the substrates temperature fixed at 50°C. The metal region was defined through
shadow mask.

It could fabricate a microstructure in the lateral direction within a large scale

organic device using non-photolithographic processes according to Spontaneous
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Patterning of Higher Order Structures’ (SPHOS) [13],[14]. Colloidal lithography [15],
one of the techniques adopted in the SPHOS forms porous films by removing
particles after the film deposition. Positively charged polystyrene particles shown in
Figure 6.4(a) (200 nm, tetramethylammonium latex) were adsorbed onto the
substrates from dispersion by electrostatic interactions. Particles concentration diluted
with ethanol to 0.6 wt%. Figure 6.4(b) shows polystyrene spheres are absorbed on the
Au film surface. After the SiO,/Al/SiOx deposition, the polystyrene spheres are
removed by an adhesive tape (Scotch, 3M) without damage to the base metal. The
images of the Al grid with 2000 A opening diameter are shown in Figure 6.4(c). The
key procedure in this fabrication is that the substrate is then transferred to a beaker
with boiling isopropanol solution for-ten seconds: Similar to the method of Fujimoto
et al [5], the substrate is finally blown dry tmmediately in a unidirectional nitrogen
flow. The boiling isopropanol treatment is a critical step to-achieve a high density yet
separated array of holes, required for vacuum tube triode as well as SCLT. When the
substrate is submerged in pelystyrenc solution, the charged polystyrene spheres are
absorbed on the Au surface without-aggregation ‘due to the electrostatic repulsion
force. The polystyrene spheres without the boiling isopropanol treatment shown in
Figure 6.4(d) are easy to aggregate during the drying process and cause unwanted

non-uniform and connected distribution.
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Figure 6.4 (a) The structure of polystyrene spheres.(b) The polystyrene spheres on the

Au film surface.(c) The polystyrene sph are removed by an adhesive tape (Scotch,

3M) without damage to the e.gold surface without the boiling IPA

treatment. (from ref. 15)

not have enough time to move to one another and form aggregate during evaporation.
By tuning the solution concentration and submerging time, the condition to prepare Al
grid with maximum opening density with minimum unwanted openings can be found
in spite of some occurrence of the unwanted irregular openings The benefit of this
method is the possibility to process large areas in a short processing time without
photolithography.

After immersed polystyrene spheres as shadow mask, the deposition is started at
the pressure around 3x107° torr. Slower deposition rate is expected to obtain a
smoother and better ordering of the insulator than fast one. The 50-nm-thick silicon

oxide was deposited by thermal evaporation at a deposition rate of 0.1 Ass. Tt is
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evaporated to prevent large leakage current from Al to Au. The insulator region was
defined through shadow mask. Then we deposited aluminum as base metal. The
deposition is started at the pressure around 5x10° torr. The 30-nm-thick Al was

deposited by thermal evaporation at a deposition rate of 1 Als.

In the section, we introduced each of the organic layer deposition respectively:
1. P3HT:

The substrate was exposed under the ultra-violate light for 15min to keep surface
clean. P3HT was spin coated from chlorobenzene solution (2.5 wt% 1000rpm) on the
Au layer, and baked at 200 °C for 10min in vacuum. After we spin coated the P3HT
film, we use acetone to clean the¢'unnecessary area: Then, a thin P3HT layer of about
1338 A was obtained.

2. Pentacene

The substrate was exposed underthedltra-violate light'for 15min to keep surface
clean. The pentacene material ebtained from Aldrich without any purification. The
deposition was started at the pressurearounid-3>10 torr. The 180-nm-thick pentacene
was deposited by thermal evaporation at a deposition rate of 1A/s. The active region
was defined by shadow mask.

3. Ce60

The substrate was exposed under the ultra-violate light for 15min to keep surface
clean. The deposition was started at the pressure around 3x107° torr. The 200-nm-thick
C60 was deposited by thermal evaporation at a deposition rate of 1A/s. The active
region was defined by shadow mask.

Finally, Al was deposited as the top metal. The deposition was started at the pressure
around 5x107° torr. The 50-nm-thick Al was deposited by thermal evaporation at a

deposition rate of 1A/s. The devices are encapsulated by glass cap with UV glue in a
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glovebox, and measured in ambient condition.

6.3. Result and Discussions
6.3.1. Dielectric Characteristics

From Figure 6.5(a), we can get the different breakdown voltage corresponding
to different thickness of silicon oxide. When the operating voltage is 1V with
thickness of bottom dielectric is 50 nm, the leakage current level is 10° mA/cm?’.
When the operating voltage is 1V the leakage with thickness of top dielectric is 30 nm,
the leakage current level is 102 to 10°mA/cm?. The current of transistor can be low
off depending on these measurement results.

Figure 6.5(b) shows that“the-l€akage “eurrefit, of silicon oxide significantly
increase after used Polystyrene spheres as mask. Theiréason is Polystyrene Spheres

occupied the location of silicon oxide. It is inevitable in the process of Polystyrene

Spheres.
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Figure 6.5 (a) The characteristics of silicon oxide with Polystyrene Spheres. (b) The

characteristics of silicon oxide without Polystyrene Spheres.

6.3.2.Output Current Characteristics of SCLT
6.3.2.1. P3HT-based SCLT

P3HT-based SCLT was fabricated by steps according to chapter 2. The
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characteristics of P3HT-based SCLT with opening diameters of 2000 A on the top
insulator (SIO) are shown in Figure 6.6(a). In P3HT-based SCLT the carriers in the
Al grid are blocked by the 30-nm silicon oxide and 14-nm P3HT between Al (base)
and Al (collector). The grid current is the reverse current of the Al/SIO/P3HT/Al
diode which is small but not zero. The current gain is therefore an crucial value to be
maximized. As shown in Figure 6.6(a) and Figure 6.6(b), the grid current density (J;)
of P3HT-based devices is in the order of 10 A which is much smaller than JC. The

current gain which is defined J/Jg is as large as 10*,
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Figure 6.6 The electric characteristics of the:P3HT-based SCLT with various grid
voltages applied. The Au eléctrode is commonly”grounded and the Al collector is
negatively biased at V¢ with respectto Au:|The negative collector current IC means the
holes are collected by the Al collector and flows out from the transistor. The gate
current Ig is no more than a few nA for all measurements. (a) The collector current as a
function of the collector voltage various by step Vg. (b) The grid current as a function

of the collector voltage of the transistor.

For fixed collector voltage the collector current (J¢) is modulated by the grid
voltage (V) and the Au (emitter) is the common ground. The positive Vg is used to
introduce energy barrier for holes at the openings, and the off current can be reduced
by increasing V¢ until a large leakage current between the grid and collector occurs.
Figure 6.6(a) shows the on/off ratio of JC is 24310 at Vo =— 1 V for transistors with

opening diameters of 2000 A on the top insulator and the highest Jc output is
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1.331mA/cm? in for device dimension of 1 mm?®. Note the total output current can be
scaled up by using a larger area. In order to look for the signature of SCLC, the device
characteristics in double logarithmic scale with fixed Vs are shown in the inset of
Figure 6.7. Three regions belonging to ohmic, trap filling and SCLC can be
distinguished.[16]The slope of log I — log} is equal to 1 for ohmic conduction, while
the slope is equal to 2 for SCLC. The dashed lines with slope equal to 1 and 2 are
drawn in the inset of Figure 6.7. Indeed, the current follows the SCLC once the
barrier at the opening is suppressed by a negative enough V. At low voltage there is
always a small ohmic current. The polymer diode has a turn-on voltage where the
current switches from a small leakage ohmic current into a quadratic SCLC current.
The turn-on voltage is determinéd byboth thelevel'of the leakage and the difference
between the work functions of the-cathode and,anode., Figure 6.7 is shown the

P3HT-based emitter-collector diode and the SCLC is about3V.
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Figure 6.7 The electric characteristics of the P3HT-based SCLT in double

logarithmic scale with fixed Vg,

6.3.2.2. Pentacene-based SCLT
Pentacene-based SCLT was fabricated by steps according to chapter 2. The

characteristics of Pentacene-based SCLT with opening diameters of 2000 A on the top
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insulator are shown in Figure 6.8(a). In Pentacene-based SCLT the carriers in the Al
grid are blocked by the 30-nm silicon oxide and 60-nm Pentacene between Al (base)
and Al (collector). The grid current is the reverse current of the Al/SIO/Pentacene/Al
diode which is small but not zero. The current gain is therefore an crucial value to be
maximized. As shown in Figure 6.8(a) and Figure 6.8(b), the grid current density Jg
of Pentacene-based devices is in the order of 10° A which is much smaller than JC .
The current gain which is defined Jo/J; is as large as 10°. For fixed collector voltage
the collector current (J¢) is modulated by the grid voltage (V) and the Au (emitter) is
the common ground. The positive V¢ is used to introduce energy barrier for holes at
the openings, and the off current can be reduced by increasing V¢ until a large leakage

current between the grid and collectoroccurs.
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Figure 6.8 The electric characteristics of the Pentacene-based SCLT with various
grid voltages applied. The Au electrode is commonly grounded and the Al collector is
negatively biased at V¢ with respect to Au. The negative collector current IC means the
holes are collected by the Al collector and flows out from the transistor. (a) The
collector current as a function of the collector voltage various by step V. (b) The grid
current as a function of the collector voltage of the transistor.

Figure 6.8(a) shows the on/off ratio of JC is 390 at V¢ = — 1 V for transistors with
opening diameters of 2000 A on the top insulator and the highest Jc output is
0.2693mA/cm’ for device dimension of 1 mm?. In order to look for the signature of

SCLC, the device characteristics in double logarithmic scale with fixed Vg are shown
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in the inset of Figure 6.9. The dashed lines with slope equal to 1 and 2 are drawn in

the inset of Figure 6.9 for indication.
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Figure 6.9 The electric characteristics of the Pentacene-based SCLT in double

logarithmic scale with fixed Vg

Indeed, the current follows the SCLC once the batricr at'the opening is suppressed by
a negative enough V. At low voltage there isralways a-small ohmic current. The
polymer diode has a turn=en voltage whefe the current switches from a small leakage
ohmic current into a quadratic, SCLC curtrent. The turn-on voltage is determined by
both the level of the leakage and;the difference”between the work functions of the

cathode and anode.

6.3.2.3. C60-based SCLT

C60-based SCLT was fabricated by steps according to chapter 2. The characteristics
of C60-based SCLT with opening diameters of 2000 A on the top insulator are shown
in Figure 6.10(a). In C60-based SCLT the carriers in the Al grid are blocked by the
30-nm silicon oxide and 80-nm C60 between Al (base) and Al (emitter). The grid
current of Al/SIO/C60/Al diode is small but not zero. The current gain is therefore an

crucial value to be maximized. As shown in Figure 6.10(a) and Figure 6.10(b), the
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grid current density (Jg) of C60-based devices is in the order of 10~ which is smaller

than Jc.
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Figure 6.10 The electric characteristics of the C60-based SCLT with various grid
voltages applied. The Al electrode is commonly grounded and the Au collector is
positive biased at V¢ with respect to Au. The collector current /c means the electrons
are collected by the Au collectorq(a) The-collector cusrent as a function of the collector
voltage various by step V. (b) The grid cusrent as.a function of the collector voltage of
the transistor.

The current gain Jo/Jg is a8 10°. Bor fixed-collector voltage the collector current (J¢)
is modulated by the grid voltage.(¥;) and the Al (emutter) is the common ground. The
negative Vg is used to introduce energy barrier for electrons at the openings, and the
off current can be reduced by decreasing V. Figure 6.10(a) shows the on/off ratio of
JC is 589 at V¢ =1 V for transistors with opening diameters of 2000 A on the top
insulator and the highest J¢ output is 0.411mA/cm? for device dimension area of 1
mm”. The total output current can be scaled up by using a larger area. In order to look
for the signature of SCLC, the device characteristics in double logarithmic scale with
fixed V' are shown in the inset of Figure 6.11. The dashed lines with slope equal to 1

and 2 are drawn in the inset of Figure 6.11 for indication.
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Figure 6.11 The electric characteristics of the C60-based SCLT in double
logarithmic scale with fixed Vg

Indeed, the current follows the SCLC once the barrier at the opening is suppressed
by a positive enough V. At low woltage there'is' always a small ohmic current. The
polymer diode has a turn-on‘voltage where the current switches from a small leakage
ohmic current into a quadratic SCEC current. The turn-om voltage is determined by
both the level of the leakage and the difference between=the work functions of the
cathode and anode. Figuré3.6\is shown the P3HT-based emitter-collector diode and

the SCLC is about 2V.

6.3.3. Operation Mechanism of SCLT
6.3.3.1. P3HT and Pentacene

The grid(base) control of the current can be further illustrated by looking at the
spatial distribution of the current across the opening. For P3HT and pentacene, some
region near the center of the opening has negative potential for holes to pass through.
Near the edge the effect of the grid is so strong that a potential barrier forms despite
of the negative potential of the collector. The current is therefore confined in an area
controlled by the grid potential. As the transistor is in the on state, there is no barrier

in all the area. The emitter-collector path through A position at the center and the path
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through B position (Figure 6.12(a)) near the edge of the opening have the potential
profiles as the curves (x) and (y) in Figure 6.12(b), respectively. Assuming that the
collector current is roughly a superposition of the currents of many small diodes given
by the paths through different positions, the small diodes at position A contributing to
a high current (Aon) and those at position B are just about to be turned on (Bon), as
indicated in Figure 6.12(c). On the other hand as the device is in the off state, the grid
potential is positive and there is a potential barrier at the B position as the curve (z) in
Figure 6.12(b), and the small diodes there is reverse biased (Borr). As for A position,
if it also has the potential profile like curve (z) in Figure 6.12(b), the off current
comes from small diodes at position A will be small. However, if the potential profile
is as the curve (y), there will be an-undesirable leakage current from the barely-on
small diode at A (Aorr). Theeretically-an even more positive grid potential can always
drive it into curve (z), but in practice breakdown of the-base/SIO/organic/collector

diode may happen first.
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Figure 6.12 (a) The device structure near one opening/of polymer SCLT. Position A is
at the center of the opening, while‘position B is nedrithe grid. (b) The potential profile
along the emitter—collector path throughrthe opening when Vc is fixed at a negative
value. (x), (y), (z) are the potential profile along the path for various conditions. (¢) The
schematic current—voltage curve of EC diode with the structure Au/P-type/Al. The path

OFF .
A

through position A in on or off state are denote as A°™ or in the diode IV curve.

The state of the path through B is also shown. Because of the proximity to the positive
biased grid B path can never be fully turned on as A.

6.3.3.2. C60

The grid control of the current can be further illustrated by looking at the spatial
distribution of the current across the opening. For C60, some region near the center of
the opening has positive potential for electrons to pass through. Near the edge the
effect of the grid is so strong that a potential barrier forms despite of the positive

potential of the collector. The current is therefore confined in an area controlled by
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the grid potential. As the transistor is in the on state, there is no barrier in all the area.
The emitter-collector path through A position at the center and the path through B
position (Figure 6.13(a)) near the edge of the opening have the potential profiles as
the curves (x) and (y) in Figure 6.13(b), respectively. Assuming that the collector
current is roughly a superposition of the currents of many small diodes given by the
paths through different positions, the small diodes at position A contributing to a high
current (Aon) and those at position B are just about to be turned on (Bon), as indicated
in Figure 6.13(c). On the other hand as the device is in the off state, the grid potential
is negative and there is a potential barrier at the B position as the curve (z) in Figure
6.13(b), and the small diodes there is reverse biased (Borr). As for A position, if it
also has the potential profile like curve (z) in“Figure 6.13(b), the off current comes
from small diodes at position A will-be small. ' However, if the potential profile is as
the curve (y), there will be an undesirable leakage current.from the barely-on small
diode at A (Aorr). Theoretically,an even moreinegative grid potential can always
drive it into curve (z), but in practice breakdown of‘the base/SIO/C60/emitter diode

may happen first.
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Figure 6.13 (a) The device stiucture.near one opening of polymer SCLT. Position A is
at the center of the opening, while position B'is near the grid. (b) The potential profile
along the emitter—collector path through the opening when V¢ is fixed at a positive
value. (x), (y), (z) are the potential profile along the path for various conditions. (¢) The
schematic current—voltage curve of EC diode with the structure Au/C60/Al. The path

OFF
A

through position A in on or off state are denote as A°™ or in the diode IV curve.

The state of the path through B is also shown. Because of the proximity to the negative
biased grid B path can never be fully turned on as A.

To improve output current, pentacene and fullerene (C60) are used to fabricate as
SCLTs. The J-V curves for emitter-collector diodes with different organic materials
are compared in Figure 6.14. Typical parameters are listed in Table 6.1. Pentacene
and C60 provide higher output current than P3HT for SCLTs from Table 6.1. However,

pentacene SCLTs and C60 SCLTs suffer from high leakage current even when base
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leakage is as low as in P3HT SCLTs. New leakage phenomena are proposed and

discussed.

10°F 1v, 0.136mA/cm’ " 1V, 0.56mAlcm -1V, 0.244mA/cm’
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Figure 6.14 Current density — voltage curyes for emitter—collector diodes made by
P3HT, pentacene, and C60.

Table 6.1 Typical parameters of vertical transistors.

The characteristiciof Emitter-Collector Diode

V() JmA/em?) " (gl c(cm? V1S

P3HT 3 17 1.51E-5
Pentacene 4 186.35 2.27E-4
C60 0.8 0.1995 8.35E-6

Table 6.1 Typical parameters of vertical transistors.

6.3.4.Morphology Effect on Grid Structure
Leakage phenomenon is the morphology effect. AFM images of pentacene, C60,
and P3HT above grid structure are compared in Figure 6.15(a), 6.15(b) and 6.15(c).

Surface profile reveals that the grain structure in pentacene produces deep holes while
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C60 and P3HT have rather smooth and dense morphology. Deep holes in pentacene
make the top collector metal penetrates into pentacene film and shield the base

electric field. As a result, base metal looses ability to turn off the channel.

(a) (b) (c)

Figure 6.15 AFM images of (a) pentacene, (b) C60, and (c) P3HT above grid structure.

The dimension of these images is 3umx*3um.

6.4. Conclusion

Low operation voltage-is realized with space-charge-limited transistor (SCLT). A
1-V  P3HT-based SCLT “with thigh On/Off- current’ ratio of 24310 is firstly
demonstrated. From the experiment result, the morphology of the organic active layer
on grid structure seriously influences the characteristics of SCLT. Also, the AFM
images show that the grain structure of pentacene or C60 produces holes and leads to
the leakage between collector and base. The developing of vertical transistor work
was cooperating with Dr. Yu-Chiang Chao, Dr. Chun-Yu Chen, Shu-Ling Jiang,

Chun-Ming Chiang, and Ming-Che Ku.

6.5. Future Work

In order to suppress the leakage, solution-processed materials is the best chose to the
vertical transistor with grid structure. Recently, we use the nano-imprint technology to

fabricate the grid structure and replace the polystyrene spheres fabrication process.
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The related work is cooperating with Prof. Lon A. Wang’s Lab in National Taiwan

University. The process flow is shown in the Figure 6.16.

1
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Figure 6.16 The process flow of SCLT by nano-imprint technology.

Figure 6.17 shows the fabrication processes of mold. The PDMS mold is made from

Prof.- Lon A. Wang's Lab.
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Figure 6.17 The process for developing the PDMS mold.

After developing the PDMS mold, it would imprint on the samples of
(photoresist)PR/AI/PVP/ITO substrate. Figure 6.18(a) and Figure 6.18(b) shows
the top view and cross sectional view SEM image of the sample after nano —imprint,

respectively. From Figure 6.18(a), we could clearly see the regular hole arrays from
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up to down of the sample. However, we could still see the residual PR from Figure

6.18(b).

NCTU Sh:80 SEM SEI 10.0kV  X50,000 WD 6.0mm 100m

20200 000020000
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WD 8.8mnm 20.0kV 2un

Figure 6.18 The (a) top,view and (b) cross séctional view. SEM images of the sample

after nano-imprint.

Then, the plasma was utilized to etch the residual PR. During the plasma, the power
was 150 W while the CF4 and O, flow rate maintains at 25 and 6 sccm, respectively.
Figure 6.19 shows the different etching conditions of cross sectional view SEM
images after plasma etching. The residual PR seems to disappear when the plasma
etching time increases to 15 sec. However, the structure is seriously damaged when
the plasma etching time increases to 50 sec, therefore, the 15 sec plasma etching

condition is chosen.
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Figure 6.19 The different plasma etching conditions of cross sectional view SEM

images.

Next, we utilized the wet etching process to etch the Al without PR coverage sites.
The wet etching solution is mixed of H;PO4:HNO;3:CH3;COOH:H,0O with the ratio as
50:1:14:7. The wet etching conditions is 20, 40, 60 sec. Figure 6.20 shows the cross
sectional view SEM images of different etching time. From the result of wet etching,
the Al seems to be removed when the etching time increases to 40 sec. Finally, the

oxygen plasma was used to remove the PVP without Al coverage sites. During the
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plasma, the power and chamber pressure were 150 W and 3 mtorr while the oxygen
flow rate maintains at 40 sccm, respectively. Figure 3.21(d) shows the sample after
oxygen plasma etching. From the result, it didn’t create well regular opening because
of the wet etching time is not enough and still have residual Al on the PVP surface.

Therefore, we would increase the wet etching time and have the best condition.

= Vﬂv‘ v ‘
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Figure 6.20 (a), (b), (c) shows the cross sectional view SEM images of different wet
etching conditions of sample. (d) is the sample cross sectional view SEM images after
plasma etching.
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Chapter 7. Summary and Future Work

In this dissertation, the high performance a-IGZO TFT with nano dot doping and the
high performance organic (polymer) solution-processed vertical transistors are
investigated. Also, the application for organic devices such as photodetector

(photodiode and phototransistor) and ammonia gas sensor are also investigated.

For Effective Mobility Enhancement by Using Nanometer Dot
Doping in amorphous IGZO Thin-Film Transistors: (Advanced
Materials, 2011)

In Chapter 2, we propose a top-gate-self-alighed . a-IGZO TFT with nano-meter-scale
dotted channel doping. With a simple, low-cost, and lithography-free process, the
effective mobility level of . I'G'a-IGZO TET becomes 19 tumes higher than that of the
control sample and the maximum 'efféctive mobility reaches 79 cm” V' s™'. If the
effective intrinsic channel Iength isdused to estimate/the, mobility inside the intrinsic
a-IGZO region, the maximum intrinsie fiobilityof TG a-IGZO TFT reaches 39.6 cm®
V' s and increases 10 times than controls (STD). The nano dot doping (NDD)
structure reduces the effective channel length and lowers the potential barrier in the
intrinsic a-IGZO by the neighboring high conductive regions. Increasing the dot
concentration leads to a more pronounced barrier lowering effect. According to the
percolation conduction model, the decrease of the potential barrier leads to a
significant increase of the field-effect mobility in a-IGZO semiconductor. The high
mobility and the self-aligned structure of the proposed a-IGZO TFTs with NDD are
promising for the development of low cost circuit-like RFID tags, smart cards, and
transparent circuits on windows. Figure 7.1 shows the context for Chapter 2.

To improve the reproducibility and the uniformity, an ordered dot-like structure is
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required. Nano imprint may be utilized to produce the ordered nano-scale dot-like

structure in future works.
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Figure 7.1 The transfer characteristics of TG-STD and TG-NDD. The device structure

of TG-NDD and the SEM image of channel region are shown in the inset of Figure 7.1.

For Increasing Organic¢ Vertical Carrier Mobility for the Application

of High Speed Bilayered Organic ‘Photodetector: (Applied Physics

Letters, 2009)

In Chapter 3, we report a direct influence of the vertical carrier mobility on the
response speed of organic PDs. By using C60 as the acceptor material and
pentacene with high deposition rate as the donor material, a high-speed bilayered
organic PD is demonstrated for the detection of very-high-frequency (VHF, > 30MHz)
light switching signals. The influence of deposition rate on the vertical hole mobility
of pentacene on PEDOT:PSS is investigated and explained. The VHF organic PDs
facilitate the development of the next-generation information technologies. Figure 7.2

shows the context for Chapter 3.
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Figure 7.2 Context for Chapter 3. (a) The structure of bilayer photodiode. (b) The band

diagram for photodiode under reverse biased voltage. (c) The frequency characteristics
of PDs made by pentacene and P3HT.

For Vertical Polymer. Phototransistor featuring Photomultiplication
due to Base-field Shielding: (Applied Physics Letters, 2011)

In Chapter 4, we demonstrated asverticalspolymer phototransistor, based on the
space-charge limited transistor (SELT). The photoresponse in SCLT was governed by
the following steps. First, the SCLT was operated in the off-state to provide a current
in total darkness. The EC diode was forward biased and the base potential created a
potential barrier to impede hole transport. Second, under illumination, excitons were
generated in the polymer channel layer. In this study, the channel material was P3HT
blended with PCBM at a blending ratio of 1:0.1, to enhance exciton dissociation.
Third, after exciton dissociation, electrons flowed toward the base electrode.
Electrons accumulated around the base electrode shield of the base field. As a result,
the potential barrier was reduced. At the same time, the hole injection from ITO into
the channel is enhanced. Finally, with the reduction in the potential barrier and the

enhancement of hole injection, a large photocurrent was obtained. Figure 7.3 shows
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the context for Chapter 4. In future studies, incorporating more PCBM into P3HT
may succeed in enhancing the speed of the base-field shielding, while an electron
blocking layer between the collector (aluminum) and active layer would be required

to prevent leakage through PCBM.
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Figure 7.3 Context for Chapter 4. (&) The structure of phototransistor. (b) Transfer
characteristics of a P3HT:P€BM SCLT in total-darknéesstand under illumination. The
light intensity is from 0 to 11 mW/em”. (c) The EQE0f P3HT:PCBM-SCLT.

For Pentacene-based Organic Thin Film Transistors for Ammonia

Sensing: (IEEE Sensors Journal, 2011)

In Chapter 5, high sensitivity ammonia gas sensor is firstly demonstrated by
pentacene-based thin film transistor. A pentacene-based OTFT is shown to be highly
sensitive for ammonia sensing from 0.5 to 5 ppm, a critical range for the diagnosis of
patients with chronic liver diseases and renal failure. This demonstrated that OTFT
devices, which can be fabricated by simple and cheap process and exhibited channel
length and width as large as several hundreds of microns, are useful as non-invasive
biomedical sensors. This is on the contrary to inorganic MOSFET devices that require

high fabrication cost and complicated fabrication process and the dimension of the
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devices has to be scaled down to the range of nanometers to increase the gas sensing
sensitivity. The sensitivity and selectivity of OTFTs as gas sensor can be further
improved by the modification of the PMMA dielectric layer, selecting suitable
measuring parameters and providing additional local electric field. Due to the simple
fabrication processes of the devices, OTFTs are promising to be developed to a
portable and disposable gas sensor. Figure 7.4 shows the context for Chapter 5. In
the future study, we would change the insulator layer from PMMA to PVP and
increase the sensitivity. It is because that we could adjust the OH functional end
groups from the ratio between PVP and PMF.
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Figure 7.4 Context for Chapter 5. (a) The structure of UV-OTFT. (b) UV-OTFTs were

used to determine the variations of AV}, as a function of sensing time. Ammonia (NH3),

carbon dioxide (COy), alcohol (C,HsOH), methane (CHy), and acetone (CH;COCH3)

were introduced individually into the sensing chamber with 1 atm N». (¢) Concentration
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dependent ammonia sensing response of UV-OTFT. (d) Humidity effect on ammonia

sensing using UV-OTFT devices.

For Low Operated Polymer Vertical Transistors with High On/Off
Current Ratio: (IEEE International Electron Device Meeting, 2009)

In Chapter 6, we demonstrated a low operation solution-processed vertical transistor
with high on/off current ratio. A 1-V P3HT-based SCLT with high On/Off current
ratio of 24310 is firstly demonstrated. From the experiment result, the morphology of
the organic active layer on grid structure seriously influences the characteristics of
SCLT. Also, the AFM images show that the grain structure of pentacene or C60
produces holes and leads to thegleakage -between collector and base. In order to
suppress the leakage, solution-processed materials is the best chose to the vertical
transistor with grid structure.

In the future, we will usesthe nano-imprint-technology tofabricate the grid structure
and replace the polystyrene spheres (PS)- fabrication process to avoid the
accumulation of PS. The related weork.is cooperating with Prof. Lon A. Wang's Lab in

National Taiwan University. Figure 7.5 shows the context for Chapter 6.

(a) (b)
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Figure 7.5 Context for Chapter 6. (a)The structure of proposed vertical transistor, (b)

the output characteristics of P3HT-based vertical transistor.
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